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Supramolecular Chemistry   
 
 Non-covalent interactions and non-covalent bonds, like hydrogen bonding, 
dipole-dipole interactions, hydrophobic and van der Waals interactions are used in 
supramolecular chemistry to build simple or complex systems out of basic building blocks,1, ,2 3 
in contrast to classical organic chemistry which makes use of covalent bonds. The 
advantage of supramolecular chemistry over classical chemistry is the possibility to 
construct very large but highly ordered systems, which would be nearly impossible to 
achieve via covalent synthesis. Furthermore, non-covalent bonds are not as rigid as 
covalent bonds and can be altered or broken so that the complexes can display flexibility 
that is not found in covalent complexes. Nature makes use of the same weak non-
covalent bonds for example in the formation of the DNA double helix and a wide variety 
of enzymes. The key to supramolecular chemistry is the controlled use of non-covalent 
interaction in the construction of designed systems.  
 Host-guest chemistry is one of the current topics in supramolecular chemistry and 
deals with the process of molecular recognition.4,5 A receptor (host) binds a specific 
substrate (guest) via molecular recognition, which is based on supramolecular interactions 
between host and guest. From a range of different molecules a host can select its 
substrates. Examples of such recognition by hosts are the crown ethers, which recognize 
metal ions by electrostatic interactions between the positively charged metal ions and the 
oxygen atoms in the crown ether ring. This topic was awarded a Nobel Prize in 1987 to 
Lehn6, Cram7 and Pederson.8
 Nolte et al. designed a selective receptor (host) for dihydroxybenzenes (guests).9 
This receptor, called “molecular clip” , resembles a cloth pin and can bind non-ionic 
substrates by means of π−π interactions and hydrogen bonding. Cyclodextrins are 
another class of  molecular receptors for non-ionic substrates. The can bind a wide range 
of substrates in water as a solvent. Our group has studied metal complexes containing one 
or more cyclodextrins.10, ,  11 12 Although the field of supramolecular chemistry is still relative 
young compared to classical organic chemistry, it already has shown remarkable new 
chemistry and has many more possibilities left to explore.  
 
Biomimetic Catalysis  
 
 The dictionary definition of a catalyst is ‘a substance that makes a chemical reaction 
happen faster without being changed itself’.13 Catalysts have been used for many years to 
enable or speed up chemical reactions. In the last decades progress has been enormous, 
both in the fields of hetero- and homogenous catalysis. Archetype examples are the 
Ziegler-Natta catalyst (Nobel Prize in 1963) for the polymerisation of olefins, which are 
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based on titanium chloride, and the Wilkinson catalyst for the hydrogenation of alkenes 
(Nobel prize 1973), which is based on ruthenium triphenylphosphine. Catalysis has 
become essential for industry and the search for better, cheaper and cleaner catalyst is still 
going on. 
 In 1972 Breslow introduced the concept of artificial enzymes and biomimetic 
chemistry,14 which was the start of the field of biomimetic catalysis; wherein researchers try 
to copy Nature in the design of catalysts that resemble the structure as well as the activity 
of enzymes. The goal of biomimetic catalysis is to design new types of catalysts that are, 
like enzymes, very efficient and selective towards substrates. This selectivity includes not 
only substrate selectivity, which means that catalysts discriminate between different 
substrates but also regio-, and stereo specificity.  
 There is a dual interest in the mimicking of enzymes: it not only allows one to 
obtain extra information about the modi operandi of enzymes but it is also industrially 
important. Enzymes catalyse a variety of processes that are fast, clean, and operate under 
moderate reaction conditions, in contrast to many industrial processes, which produce 
large amounts of waste and require stringent reaction conditions. The use of enzymes 
(biotechnology) or synthetic mimics might help reduce the waste production, increase 
product yields and decrease energy needs. In the last 15 years the quest for the design and 
construction of functional models of enzymes has underwent an explosive growth.  
 
Dioxygen Activation 
 
 Oxygen, dioxygen or molecular oxygen are all terms used to describe the molecule 
O2, which is essential for living. We require the oxygen we breath for various processes in 
our body. Dioxygen is taken up in the lungs and transported via the blood to the tissues 
were it is needed. The carrier for this transport is haemoglobin, which is present in our 
red blood cells. Hemoglobin is a iron-heme protein that binds and releases oxygen. Other 
living species, such as the horse shoe crab, have other types of dioxygen transporting 
proteins, e.g. hemocyanin, which has a copper containing active site (Chapter 1). Besides 
dioxygen transporting proteins, other proteins (enzymes) occur, which utilize dioxygen to 
carry out a variety of reactions. After activation of one or two atoms of dioxygen by a 
metal site in these enzymes, the oxygen atoms can be incorporated into a substrate and 
oxidation is a fact. These oxidation reactions are essential in many processes, for example 
in the synthesis of neurotransmitters that enable us to feel pain, or in the tanning of our 
body, the browning of fruit or the decay of waste materials in the soil by bacteria. These 
are just a few examples of the immense variety of oxidation reactions. Also in industry 
oxidation reactions are frequently used, e.g. in the synthesis of drugs, flavours and 
fragrances, and the preparation of plastics. Dioxygen binding and activation is a very 
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common process and in the research described in this thesis we aim at studying this 
process in synthetic, biomimetic systems, hence the cover of this thesis. 
 
Outline of this Thesis 
 
 In Chapter 1 a literature survey is given of the field of supramolecular chemistry 
and functional biomimetic catalysis. Chapter 2 explains the principles of UV-Vis and 
X-ray absorption spectroscopy and the design of a new measuring cell for the 
combination of XAS and low-temperature UV-Vis spectroscopy is presented. The 
synthesis and characterization of two new types of receptors for copper-oxygen chemistry 
is reported in Chapter 3, while Chapter 4 describes the UV-Vis and XAS spectroscopy 
experiments on these receptors. The catalytic behaviour of the two receptors is tested and 
described in Chapter 5. For both compounds copper, iron and manganese ions have been 
bound as metal centres to the ligand systems. The synthesis and NMR studies of 
cyclodextrin-based receptors for iron and copper is presented in Chapter 6. The field of 
fluorous phase chemistry has been explored in order to investigate whether this would be 
a suitable approach to improve the catalytic performance of the biomimetic oxygen 
binding receptors; the results are described in Chapter 7. This thesis is concluded with 
summaries in both English and Dutch. 
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Literature Survey  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
This chapter provides an overview of the literature related to the different aspects of 
the research described in this thesis. The first topic to be discussed is supramolecular 
chemistry, more specifically host-guest chemistry. Furthermore, catalysis with transition 
metals is described, with an emphasis on supramolecular catalysis. The last major topic is 
dioxygen reactivity of mono- and dinuclear copper(I) enzymes and synthetic biomimetic 
models for them, encompassing mononuclear, dinuclear, trinuclear, or tetranuclear 
copper complexes. 
Chapter 1 
1.1 Supramolecular chemistry  
 
1.1.1 Introduction 
 
The research area of supramolecular chemistry is concerned with non-covalent 
interactions between molecules.1, , , ,2 3 4 5 Examples of such interactions are hydrogen 
bonding, van der Waals interactions, and electrostatic interactions. Although these 
individual forces are weak compared to a covalent bond, a combination of several 
non-covalent interactions, of the same or different type, produces very strong 
interactions. Examples of non-covalent interactions used in Nature are the double-helix 
structure of DNA and the binding of substrates by enzymes. The latter is an example of 
the sub-field of host-guest chemistry, which will be discussed in detail below. 
Supramolecular chemistry further comprises, among others, the subfields of liquid 
crystals,6 self-assembling systems7, ,8 9 and supramolecular polymers,10,  11 which will not be 
discussed here.  
In host-guest chemistry non-covalent interactions are employed for the 
recognition of a specific substrate by a particular host molecule.12,  13 In this thesis we aim 
at the development of host-type biomimetic catalysts.14 Nature makes use of enzymes as 
catalysts for a wide variety of functions. These enzymes often contain a metal ion that 
enables or enhances the function of the enzyme in question. This metal ion with 
coordinating ligands is referred to as the active site of the enzyme. Nearby the active site 
is a substrate binding site, in which a substrate is bound selectively by means of non-
covalent interactions. The site of attack of the substrate is thereby brought in proximity to 
the metal ion, thus favouring the reaction and lowering the energy of the transition state 
(selectivity aspect).15  
The binding site of an enzyme will be modelled in this thesis by supramolecular 
host molecules, which are capable of binding organic guest molecules. These 
host-molecules, being part of the enzyme model, will be referred to as ‘receptors’. The 
metal-coordination complexes will model the active site of the enzyme, and these 
complexes, being part of the enzyme model, will be referred to as ‘metal sites’.  
We have employed two types of receptors in the design of biomimetic models, 
namely ‘molecular baskets’ (section 1.1.2) and cyclodextrins (section 1.1.3). Although 
different transition metals have been used as the metal sites in these biomimetic models, 
the emphasis lies on dinuclear copper dioxygen complexes. Section 1.2 gives an 
introduction into the field of transition metal catalysis and, furthermore, gives a literature 
overview of supramolecular catalysis based on ‘molecular baskets’ and cyclodextrins. 
Finally, a literature overview on functional copper dioxygen complexes both in enzymes 
and in models of these enzymes is provided.
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1.1.2 Molecular clips and baskets  
 
Circa 20 years ago a supramolecular receptor, a so-called ‘molecular clip’, which is 
based on diphenylglycoluril (L1, Figure 1-1A), was designed in our group. This host 
molecule L1 possesses a well-defined, rigid, U-shaped cleft (or cavity) and resembles a 
clothes-pin (hence the name ‘clip’). 1H-NMR studies have revealed that L1 is an excellent 
receptor for neutral aromatic (di-)hydroxybenzene guests (Figure 1-1B)16,17 The binding 
strength (association constant Ka) can reach values of 106 x M-1 for this type of guests. 
For example, resorcinol (1,3-dihydroxybenzene) and orcinol (1,3-dihydroxy-
5-methylbenzene) bind with Ka’s of 2600 and 1900 M-1, respectively, while 
cyanoresorcinol (1,3-dihydroxy-5-cyanobenzene) has a Ka of 1 x 105 M-1.  
The binding is based on three cooperative non-covalent effects, viz. hydrogen 
bonding, π-π stacking and a so-called ‘cavity effect’. The first involves the two hydroxyl 
groups of the guest and both carbonyl groups of the clip. The strength of the hydrogen 
bond is directly correlated to the electron-withdrawing property of the 5-substituent on 
the aromatic ring (see below). The π-π stacking takes place between the aromatic side 
walls of the receptor L1 and the benzene ring of the guest, while the cavity effect can best 
be described as the entropically favourable filling of an empty cavity by a guest.  
The molecular clip L1 has been enlarged by derivatization with oxyethylene 
(ethylene oxide) moieties to afford a so-called ‘molecular basket’ (L2, Figure 1-1C).18 It 
possesses a basket- or bowl-like shape, which clarifies its name. These hosts are excellent 
receptors, not only for alkali metal ions and diammonium salts,19 but also for charged 
aromatic compounds such as paraquat and polymeric derivatives thereof.20  
 
Figure 1-1. Molecular clip and basket. (A) Structure of molecular clip L1 in different 
representations; (B) binding of 1,3-dihydroxybenzene in molecular clip L1; (C) structure of 
molecular basket L2 in different representations.  
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Furthermore, the (di-)hydroxybenzene guests described above also bind in the 
basket L2 with even larger association constants than those observed for the clip L1. The 
binding of olivetol (1,3-dihydroxy-5-pentylbenzene) in L1 is 1500 M-1 and in L2 around 
4500 M-1.21 The association constants for resorcinol in the benzyl (L2 with R = benzyl) 
and aza basket (L2 with R=H) are 2900 and 2000 M-1, respectively. These receptors will 
be described in Chapter 3 and are named 7 and 8, respectively (Scheme 3-2).22,16 The Ka 
for resorcinol in a rhodium containing basket (see below, Figure 1-6) is slightly higher, 
namely 3100 M-1.23  
Besides the stronger binding of (di-)hydroxybenzene guests, basket L2 also 
possesses another advantage over clip L1. It has two possible attachment sites, R in 
Figure 1-1C, at the two nitrogen atoms in the ethylene oxide moieties (aza nitrogen 
atoms). These two groups R may, for example, be metal-binding ligands. Various metal 
binding ligands have been attached to molecular baskets and the resulting metal 
containing baskets together with their reactivity in catalysis, will be described in more 
detail in section 1.2.2.  
 
1.1.3 Cyclodextrins  
 
Cyclodextrins are cyclic oligosaccharides of α-D-glucopyranose, connected via 
α−1,4-glycosidic linkages (Figure 1-2).24, , ,25 26 27 Cyclodextrin is the product of starch 
degradation by the enzyme glycosyl transferase of the bacterium Bacillus macerans. 
Schardinger pioneered the study of cyclodextrins in the beginning of the 20th century,28 
and ca. 35 years later their cyclic structure was discovered.29,30 The most common 
cyclodextrins consist of six, seven or eight glucopyranose units and are referred to as 
α−, β- and γ-cyclodextrin, respectively (L3, L4, and L5, respectively, Figure 1-2).  
 
 
 
Figure 1-2. Different representations of the structure of cyclodextrins L3, L4, and L5. 
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Cyclodextrins have the shape of a truncated cone with a narrow (primary) side and 
a wide (secondary) side. The cavity is capable of binding guests in aqueous solutions and 
in the case of β-cyclodextrin L4 it has the right size for binding six-membered ring 
molecules (Figure 1-3A), with a larger Ka for aromatic molecules than for aliphatic ones. 
Because of the suitable size of its cavity, β−cyclodextrin L4 is the most used cyclodextrin. 
It is also the cheapest cyclodextrin since it is the main bacterial degradation product. 
Furthermore, in comparison with γ-cyclodextrin L5, there is little conformational 
variation in β−cyclodextrin L4 due to the presence of a rigid H-bonding array 
(Figure 1-3B). 
 β-Cyclodextrin L4 contains 21 hydroxyl groups and is readily soluble in water, but 
is less soluble than L3 and L5 (18.5 gr/L, versus 145 and 232, respectively)31 because of 
the presence of the hydrogen bonding array, which enforces a rather rigid structure on L4 
(Figure 1-3B). The C3 hydroxyl is the hydrogen bond donor and the C2 hydroxyl of the 
neighbouring unit is the hydrogen bond acceptor.32,  33 The hydroxyl groups can be divided 
into three sets: one set of primary hydroxyl groups (at C6) on the narrow rim, or primary 
side, and two sets of seven secondary hydroxyl groups (at C2 and C3) on the wider rim, 
or secondary side. The reactivity of the three sets of hydroxyl groups differ, the primary 
hydroxyl groups are the most nucleophilic ones, the secondary hydroxyl groups at C3 are 
the least reactive ones while the secondary hydroxyl groups at C2 are the most acidic ones 
due to the intramolecular hydrogen bonding and the presence of a withdrawing acetal 
function at C1. This difference in reactivity is used in synthetic functionalisation (see 
below).  
The characteristic features of cyclodextrins that we are interested in are their 
supramolecular binding abilities. With the hydroxyl groups located on the rims of the 
molecule, the inside is rather hydrophobic and enables a cyclodextrin to bind small 
organic and inorganic molecules inside its cavity in an aqueous environment. The main 
driving force for binding is the hydrophobic effect.34,35 There are highly structured water 
molecules present in the cyclodextrin cavity and the release of this co-called “high energy” 
water provides a large positive entropic effect, which is enough to compensate the 
entropy loss due to reduced mobility of host and guest after complexation.36,37
 
Figure 1-3. β-cyclodextrin L4. (A) dimensions; (B) hydrogen-bonding array. 
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 β-Cyclodextrin usually forms 1:1 complexes with small organic molecules with 
typical association constants in the range of Ka =100-10,000 M-1.38 Larger molecules like 
the dyes TNS (p-toluidino-napthalene sulfonate) and acridine red (Figure 1-4A) or 
porphyrins behave as di- or multitopic guests since their hydrophobic surface is too large 
to be covered by a single cyclodextrin. Higher stoichiometry complexes, for example 2:1 
(host : guest), can be formed (Figure 1-4B, top), and the formation of these complexes is 
greatly favoured by receptors comprising two or more cyclodextrins that are linked by 
bridges (e.g. Figure 1-4B, bottom).39,40 The complexation ability and molecular selectivity 
of these cyclodextrins is enhanced through the potential cooperative binding of one or 
more adjacent cyclodextrin unit(s). Bis(β-cyclodextrins) and their metal complexes have 
been studied together with the factors that control their guest inclusion behaviour.41, ,42 43 
A Cu(II) complex of two molecules of β−cyclodextrin dimer L6 (Figure 1-4B, bottom) 
binds the dye acridine red 20 times better than a mono β-cyclodextrin (Ka =60,300 vs. 
3090) due to cooperative binding.  
The complexation of guest molecules in cyclodextrins usually takes place via their 
wider secondary side and it therefore seems more logical to connect the linkers via this 
side in order to achieve an optimum binding capacity (Figure 1-4C).44 However, 
mono-functionalization is much more difficult to achieve on the secondary side, in view 
of the reduced reactivity of the secondary hydroxyl groups (see above), and as a 
consequence the synthesis of dimers connected via their secondary side is synthetically 
more demanding. Nevertheless, several examples of cyclodextrins with functional groups 
on their secondary side have been published over the years.45,46  
 
 
Figure 1-4. (A) structures of TNS and acridine red; (B) two molecules of cyclodextrin binding a 
ditopic guest (top) and Cu complex of two molecules of L6;  (C) β-cyclodextrin dimers 
functionalized on their primary or secondary sides. 
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Direct comparison of the rate of ester hydrolysis by Cu(II) complexes of 
cyclodextrin dimers functionalized with bipyridine revealed a rate enhancement of 
277 (kcat/kuncat) for a dimer connected via the primary side, and 1350 for a dimer 
connected via the secondary side. It can be concluded therefore that it is more favourable 
to functionalize cyclodextrins via the secondary side (Figure 1-4C). In our group, Venema 
and Nelissen have reported routes for the synthesis of β-cyclodextrins via 
functionalization on the secondary sides.47,48,49 The first step in the synthesis is the 
protection of the seven reactive primary hydroxyl groups by a trialkylsilyl protective 
group. This facilitates the reaction of the less reactive secondary hydroxyl groups.50 After 
the attachment of the desired functional group the trialkylsilyl protective groups may be 
removed.  
 
1.2 Supramolecular catalysis   
 
1.2.1 Introduction  
  
Synthetic modelling of enzymes provides a better understanding of their structure 
and function. Enzyme models have the advantage over their natural counterparts that 
they can be obtained in high quantity. They can play therefore, an important role in the 
elucidation of the biological pathways of the enzymes. Properly chosen synthetic models 
allow a systematic variation of the coordination sphere of metallo-enzymes and are 
powerful tools to elucidate the role of the ligands in the reactivity of these enzymes. 
Several reviews on supramolecular catalysis by enzyme models have appeared in the 
literature.14,15,51,52,53,54  
Supramolecular catalysis, in contrast to conventional catalysis, operates via 
reversible binding of reagents to further control their reactivity and, in this regard, bears 
resemblance to enzymatic catalysis.55 Enzyme properties such as preferential stabilization 
of the transition state over reactant state (large rate enhancements), selective binding and 
recognition of the substrate over reaction product (low product inhibition), and high 
turnover values (low catalyst-to-substrate ratios) are worth being mimicked in synthetic 
catalytic systems. Some beautiful enzyme models have been developed in the past, some 
of which will be discussed below, and they show some of the features mentioned above. 
The research described in this thesis involves synthetic models of metallo-enzymes and 
the oxidation reactivity of these models, the aim of this research being to develop 
supramolecular catalysts that employ dioxygen as the oxidant in selective oxidation 
reactions.  
  
Chapter 1 
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Figure 1-5. Side-on binding of ethene to a metal. 56 
  
 Coordination chemistry studies the interactions between inorganic metal ions and 
organic molecules and therefore lies at the interface between classical organic and 
inorganic chemistry.56 This field of research is of great interest for several reasons: i) many 
important industrial processes rely on coordination chemistry, ii) organic chemists 
increasingly use new synthetic methods based on coordination compounds, 
iii) coordination chemistry plays a crucial role in metallo-enzymes in Nature. It is the last 
point that we are particularly interested in. Synthetic coordination complexes of metals 
and ligands are prepared in order to be able to study the intermediate coordination 
complexes involved in enzymatic reactions.  
 The binding of ligands to a metal can take place via several ways, depending on the 
metal centre and the ligand type. For instance, hydrogen binds via σ-bonding, while 
ethene can bind in a side-on manner via π-bonding and back-bonding (see arrows in 
Figure 1-5). This bonding is called η2-C2H4 (pronounced “eta-two ethene”), where η 
represents the hapticity of the ligand, defined as the number of atoms in the ligand that 
are bonded to the metal. This type of hapticity can also be observed for dioxygen binding 
to metals and is a very important feature discussed in this thesis. In the following sections 
several examples of supramolecular model catalysts will be discussed.  
 
1.2.2 Catalysis involving transition metal complexes of baskets  
 
As described in section 1.1.2, the molecular baskets derived from glycoluril contain 
two aza nitrogen atoms, to which metal binding ligands can be attached. In this manner a 
receptor with two binding sites for metal ions can be obtained, from which binuclear 
metal complexes can be prepared. Approximately 10 years ago a program was started in 
our group on the development of oxidation catalysts based on dinuclear copper 
complexes. The first step of this program was the design of a catalyst for the two electron 
oxidation of alcohols to aldehydes. Two copper ions are required for this two electron 
oxidation and a dinuclear copper(II) complex was designed, in which the two copper ions 
Literature Survey 
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are each coordinated by two pyrazole ligands (L7, Figure 1-6A).57,58 Both copper ions are 
reduced in the stoichiometric oxidation of benzylalcohol to benzaldehyde. The 
introduction of two well-positioned hydroxyl substituents on the substrate was found to 
improve the rate of oxidation; 3,5-dihydroxybenzylalcohol was oxidised 50,000 times 
faster than benzyl alcohol. This large rate enhancement is ascribed to binding of the guest 
in the cavity of the host (section 1.1.2).  
The next step in the program described above was the oxygenation of substrates 
with dioxygen as the oxidant. Receptor L7 was modified to make it suitable for binding of 
two copper(I) ions by exchanging the pyrazole groups for pyridine groups, thus creating 
two PY2 unitsi. Two m-xylyl moieties were used to link the PY2 units to the basket, 
creating receptor L8 (Figure 1-6A).59,60 Copper(I) complexes of pyridines are more active 
than those of pyrazoles in dioxygen binding.61,62 Many factors can influence the redox 
potential, e.g. flexibility of the chelating ligands, types of donor atoms and geometry of 
the complexes.63,64 
 
 
Figure 1-6. (A) dinuclear copper(II) complex of L7 and dinuclear copper(I) complex of L8; (B) 
oxidative N-dealkylation of Cu2O2 complex of L8; (C) rhodium(I) complex of L9 and Mn(III) 
complex of L10. 
                                              
i PY2: bis-(2-ethylpyridine)amine 
Chapter 1 
The dinuclear copper(I) complex of L8 was shown to bind and activate dioxygen 
at -80 °C and it displayed oxidative N-dealkylation of the benzylic hydrogen atoms 
(Figure 1-6B). The benzylic hydrogen atoms adjacent to the PY2 units are in proximity of 
the copper dioxygen complex and are prone to oxidation.65 An aldehyde derivative of the 
basket was formed when one PY2 unit split off after hydroxylation of the benzylic 
position. The copper complex of L8 is able to activate dioxygen but it is too active since 
it oxygenates the ligand itself. Our goal is to design a catalytic system that oxygenates 
exogenous substrates and is stable towards autooxidation (Chapter 3). The dioxygen 
reactivity of dinuclear copper complexes is described in more detail in section 1.3.6. 
Other types of catalysts, based on molecular baskets and clips, have been designed 
in our group. A tetrakis(triphenyl)phosphite Rh(I) hydride was attached to a basket and 
the resulting catalyst L9 was found to be active in the hydrogenation of 5-allylresorcinol 
(Figure 1-6C).66,67 The rhodium complex of L9 displays Michaelis-Menten kinetics, 
product inhibition and rate enhancement, which are all typical for enzymatic catalysis. 
Another example of such a catalyst is a molecular clip capped with a Mn(III) porphyrin 
L10, which functions as an epoxidation catalyst (Figure 1-6C).68,69 The manganese 
complex of L10 requires only one equivalent of axial ligand, compared to 500 equivalents 
required for Mn(III) tetraphenylporphyrin as the catalyst, since the axial ligand is 
coordinated tightly to the manganese centre in [Mn(III)⋅L10], by binding in the cavity of 
the complex. Furthermore, [Mn(III)⋅L10] epoxidizes a variety of alkenes including trans-
stilbene with a yield of 72%.  
 
1.2.3 Catalysis involving transition metal complexes of cyclodextrins  
 
 There is a considerable amount of literature on the use of cyclodextrin molecules 
in catalysis. We will limit our discussion to literature examples of transition metal 
complexes of cyclodextrin, since this is relevant to the research described in this thesis 
(for other examples see ref. 14). Cyclodextrins have been frequently used in the field of 
homogenous and biomimetic catalysis. The cavity of the cyclodextrin is capable of 
binding a substrate and metal binding ligands have been attached in order to obtain 
catalytically active complexes. Breslow et al. have studied cyclodextrin molecules in 
catalysis since the early 70’s and introduced the terms ‘artificial enzyme’70 and ‘biomimetic 
chemistry’.71  
Among others, they studied the oxidation reactivity of a central Mn(III) porphyrin 
with four peripheral β-cyclodextrins attached at the para-positions of tetraphenyl 
porphyrin by means of sulphide linkages (Mn(III) complex of L11a, Figure 1-7A).72,73 The 
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catalyst hydroxylates a steroid (androstane-3,17-diol, Figure 1-7B) with a conversion of 
40% (turnover numberi of 10). The manganese complex of L11a hydroxylates a 
1,2-diphenylethane with two tert-butylphenyl groupsii quantitatively (TON 14) when 7% 
of catalyst is present, and with 13% conversion (TON 650) when the amount of catalyst 
is 0.02 %.  
The substrate binds in two trans-located cyclodextrin cavities, which positions the 
preferred oxidation site of the substrate in close proximity to the reactive metal site. 
Addition of iodosylbenzene, as the oxygen donor, affords a metallo oxo species, which 
hydroxylates a carbon atom of the substrate. Added pyridine directs the substrate to one 
side of the porphyrin by binding to the other side itself.  
In order to improve the stability of the catalyst the phenyl hydrogen atoms were 
substituted by fluorine atoms (L11b, Figure 1-7A).74 For the oxidation of androstane-
3,17-diol, TONs of 95 and 187 were observed with 1 and 0.1 mol.% of the manganese 
complex of L11b, respectively.75 This shows that a higher TON can be achieved by 
selective fluorination, which can be accounted for by the increased resistance to oxidative 
decomposition. No electronic effects of F are observed.  
 
Figure 1-7. Structures of multi-cyclodextrin complexes, linked via the primary side. (A) Structure 
of Mn(III) complexes of L11;74,75 (B) oxidation reaction of a steroid by the Mn(III) complex of 
L11;76 (C) Cu(II) complex of L12; (D) Cu(II) complex of L13.77 
 
                                              
i turnover number (TON): number of substrate molecules converted to product per catalyst molecule per unit of 
time 
ii (4-tert-Butyl-phenyl)-[4-(2-{4-[(4-tert-butyl-phenyl)-carboxy-methoxy]-phenyl}-ethyl)-phenoxy]-acetic acid 
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A bipyridyl-linked β-cyclodextrin dimer L12 (Figure 1-7C, top) is capable of 
binding esters that contain two hydrophobic groups (Figure 1-7C, middle) in such a way 
that the carbonyl function of the substrate is positioned near the metal site of the 
receptor.76 The Cu(II) complex of L12 catalyses the hydrolysis of the 4-nitro-phenyl ester 
of adamantan-1-yl-propynoic acid (Figure 1-7C, bottom) 100 times faster than a similar 
catalyst that contains only one of the β-cyclodextrins, and this catalysed reaction is even 
225,000 times faster than the uncatalysed reaction. Another example of artificial metallo 
esterase activity was discovered by Jeo who linked two β-cyclodextrins with a pyridine 
containing ligand for copper(II) (L13, Figure 1-7D, top).77 The copper complex of L13 
hydrolyses the 4-nitro-phenyl ester of adamantane-1-carboxylic acid (Figure 1-7D, 
bottom) 123 times faster with a kobs of 128·10-5 compared to 31·10-5 for the uncatalysed 
reaction. 
 
1.2.4 Catalysis involving transition metal complexes of other receptors   
 
Supramolecular catalysis is not limited to the above-mentioned two types of 
receptors; other types of receptors have also been reported, a few of which will be 
described here. Two examples of calixarene based models have been published by 
Molenveld and Le Clainche. Molenveld et al. have prepared a dinuclear metal complex of 
calix[4]arene with Cu(II) (L14, Figure 1-8) and Zn(II) centres (not shown) that act as 
phosphodiesterases; the calixarene molecule serves as a scaffold for the positioning of the 
catalytic groups.78  
Le Clainche et al. have reported a mononuclear Cu(II) complex of calix[6]arene 
(L15, Figure 1-10), which is active in the oxidation of ethanol and benzene with hydrogen 
peroxide as the oxidant. Although the suggestion was made that binding of the substrate 
in the cavity takes place, no evidence was provided to support this theory. The oxidation 
reactivity of the copper complex of L15 will be described in more detail in section 1.3.4.79  
 
 
Figure 1-8. Catalysts based on supramolecular receptors. Dinuclear Cu(II) complex of 
calix[4]arene L14;  mononuclear Cu(I) complex of calix[6]arene L15;79 salophen uranyl complex 
L16.77
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Simple cleft compounds comprising two parallel aromatic rings in proximity to a 
metal centre can favour the binding of aromatic guests to the metal site, as was found for 
the 1,4-addition of an aromatic thiol to a cyclopentanone to yield a 3-sulphanyl-
cyclopentanone by means of the uranyl complex of a salophen ligand (L16, Figure 1-8).80 
This complex has a higher binding affinity for 2-cyclopentenone than for the more bulky 
3-(phenylthio)cyclopentanone, with association constants of 460 and 68 M-1, respectively.  
A self-assembled bilayer (Figure 1-9A) of anionic DHP amphiphiles (L19, 
Figure 1-9) can be used to incorporate tetra-di-(o-chlorophenyl)porphyrin (L17).81 The 
reduction of an amphiphilic Rh(I) complexi (L18) by formate in this bilayer system 
(Figure 1-9C) can be coupled to the epoxidation of styrene81 or α-pinene82 with molecules 
of dioxygen as the oxygen source. The observed turnover numbers are 55 (at 75° C) and 
360 (at 70 °C), respectively.  
 
Figure 1-9. Self-assembled bilayer. (A) Schematic representation of bilayer of L19 with 
Mn complex of L17 and Rh complex of L18; (B) structures of Mn complex of L17, Rh complex of 
L18, and L19; (C) epoxidation reactivity displayed by Mn complex of L17 and Rh complex of 
L18.80  
 
1.3 Copper enzymes and synthetic models thereof   
 
1.3.1 Introduction   
 
Transport, activation, and metabolism of dioxygen are important processes in 
most living organisms and these functions are almost exclusively realised by 
metalloproteins containing either copper or iron. Iron containing metalloproteins will be 
discussed in Chapter 5 and Chapter 6, while copper containing metalloproteins are 
described here. The uncatalysed reaction of dioxygen with a substrate is 
thermodynamically favourable. It is however, kinetically slow because it is spin forbidden 
                                              
iL18:(N-(2-(2-(2,2’-bipyridyl-5-carosamido)-ethoxy)ethyl)-N,N-dihexadecyl-N-methylammonium)rhodium trichloride 
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and the one-electron reduction potential of dioxygen is low.83 There is a growing interest 
in the above enzymes from both a biological and an industrial point of view; first in order 
to obtain a better understanding of the mechanisms of action of these enzymes, and 
second to design new biomimetic oxidation catalysts.84 As stated above, all synthetic 
enzyme models described herein comprise transition metal sites. Among the transition 
metals used, copper is one of the preferred metals and the main focus of this thesis will 
be on dioxygen activation by synthetic models of dinuclear copper enzymes.  
Although a true enzyme mimic combines a receptor with a metal site, most models 
reported in literature only mimic the metal site of the enzyme. Karlin has designed several 
mimics of the active site of dioxygen activating copper enzymes, which will be discussed 
in detail hereafter.85 Schindler published a excellent review on dioxygen binding to 
synthetic copper complexes,86 however, his survey did not include the functional 
reactivity of these models. Recently, Puzari and Baruah have reported a review on 
oxidative reactions with copper.87 However, besides a few biologically relevant catalysts 
their main focus is on subjects that are not biological in nature, and therefore of less 
importance here. 
 
1.3.2 Classification of copper proteins   
 
Copper proteins can be classified on basis of their spectroscopic properties. At 
least three types of metal sites can be distinguished for copper proteins in Nature; some 
of these proteins are listed in Table 1-1 together with their spectroscopic characteristics 
and the reactions they perform.  
Type 1 copper sites have no dioxygen reactivity and will therefore, not be 
discussed here.88 Type 2 and type 3 copper enzymes are active in oxidation reactions and 
bind dioxygen in their active sites. Type 3 copper enzymes can form discrete Cu2O2 
complexes in which the Cu(II) ions are antiferromagnetically coupled. It should be clear 
that there is a distinct difference between enzymes containing two separate type 2 copper 
sites (e.g. dopamine-β-hydroxylase) and enzymes containing one dinuclear type 3 copper 
site (e.g. tyrosinase); although both contain two copper ions, the spectroscopic and 
catalytic properties are remarkably different (see below) and only the copper ions in a type 
3 site are in close proximity.  
Most copper proteins can be classified in one of the above three groups. However, 
some multicopper proteins (e.g. laccase, ascorbate oxidase and ceruloplasmin) do not 
belong to either of these classes, but in addition to type 1 sites they include trinuclear 
copper moieties, which are often described as a combination of a type 2 and a type 3 site.  
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Table 1-1. Classification of copper enzymes.85 
 Name Example Characteristics Reactions 
Type 1 Blue copper Azurin High redox potential 
Intense color (λmax ~600 nm) 
Electron transport 
Type 2 Normal copper oxidases Similar to Cu(II)-hexaqua ion Oxidation 
Type 3 Dinuclear copper oxygenases Antiferromagnetically coupled 
in the oxo form (λmax ~330 nm)
O2 
binding/activation 
 
Copper enzymes that are active in oxidation reactions can also be ordered by a 
second classification, which is based on their reactivity. The class of monooxygenases is 
characterized by the fact that the enzymes incorporate only one atom of dioxygen into the 
substrate (e.g. tyrosinase), while dioxygenases (e.g. quercetinase) incorporate both atoms 
of dioxygen into the substrate.89,90,91 Oxidases catalyse substrate oxidation while dioxygen 
is reduced to water or hydrogen peroxide (e.g. laccase and galactose oxidase, respectively). 
As will become evident in the rest of this section it is sometimes difficult to make 
a clear distinction between different classes of enzymes. As was mentioned before, 
models for dinuclear type 2 and type 3 proteins can easily be mistaken for each other. 
Furthermore, dinuclear synthetic models have been designed for mononuclear enzymes 
and vice versa. To keep this section as clear as possible it was decided to use the standard 
enzyme classification according to Table 1-1 as a guide. Therefore, type 2 enzymes are 
classified as mononuclear enzymes, even if they contain two individual copper ions. 
Type 3 enzymes are classified as dinuclear enzymes. The synthetic models described 
herein, which mimic the reactivity of mononuclear type 2 copper enzymes can be both 
mononuclear and dinuclear in structure and the synthetic models that mimic the reactivity 
of type 3 dinuclear copper enzymes can have both dinuclear and mononuclear structures. 
 
1.3.3 Mononuclear copper enzymes  
 
Galactose oxidase (EC 1.1.3.9, 68 kDa) is a mononuclear type 2 copper enzyme. It 
produces hydrogen peroxide, while oxidizing primary alcohols to aldehydes; the structure 
is known from X-ray crystallography.92,93,94 Unlike most other cases, the number of 
electrons (2) involved does not match with the number of copper ions (1) in the enzyme. 
The metal site contains a single copper ion (λmax 444 nm, ε 5200 M-1cm-1) and a 
posttranscriptionally modified tyrosinate ligand, which is crosslinked to a cysteine residue 
via a ortho-thioether (λmax 800 nm broad, ε 3200 M-1cm-1).  
 
 
Chapter 1 
Figure 1-10. Catalytic cycle of galactose oxidase (A);92 reactions of amine oxidase (B);  structure of 
topaquinone and aminoquinone (C).   
Synthetic modelling has provided evidence for the fact that the electrons are taken 
up by Cu(II) and a tyrosinate radical (Figure 1-10A).95 The fully oxidised form of the 
enzyme (Figure 1-10A, top right) is EPR silent because of antiferromagnetic coupling 
between the tyrosyl radical and the d9 Cu(II) centre. Modelling has furthermore shown 
that this state is stabilized by extra electron density on the ring due to the ortho-thioether 
link.96 Hydrogen atom abstraction (H-abstraction) from the alcohol and electron transfer 
to the Cu(II) ion provides the reduced form of the enzyme (Figure 1-10A, bottom right). 
After replacement of the formed aldehyde by dioxygen (Figure 1-10A, bottom left) and 
replacement of the formed hydrogen peroxide by alcohol (Figure 1-10A, top left), the 
fully oxidized form of the enzyme is regained by deprotonation of the alcohol.  
Amine oxidases (EC 1.4.3.6) catalyse the oxidative deaminination of amines by 
means of two half reactions (Figure 1-10B).97 In the reductive half-reaction the amine is 
converted to an aldehyde by means of the oxidized cofactor of the enzyme (Eox) and in 
the oxidative half-reaction ammonia is formed.98 The metal site of amine oxidases 
contains two histidine residues and a cofactor (Q), which is a posttranscriptionally 
modified tyrosine, topaquinone, at 3 Å from the copper.99 Copper facilitates the 
reoxidation of the reduced cofactor aminoquinone to the active cofactor topaquinone 
using dioxygen (Figure-1-10C).  
Two other enzymes in the class of mononuclear type 2 copper proteins are 
peptidyl α-hydroxylating monooxygenase100 (PHM, EC 1.14.17.3), which hydroxylates 
peptidylglycine to peptidyl β-hydroxyglycine, and dopamine β-hydroxylase101 (DβM, 
EC 1.14.17.1), which catalyses the enantiospecific benzylic hydroxylation of dopamine to 
norepinephrine (Figure 1-11A). X-ray crystallography on DβM has revealed two 
inequivalent non-coupled copper ions 11 Å apart.102 These are called CuH and CuM (also 
referred to as CuA and CuB, respectively). CuH binds and activates dioxygen while CuM 
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supplies an electron, playing the role of the tyrosinate radical in galactose oxidase. CuH is 
coordinated by three histidine residues while CuM (in the reduced state) is coordinated by 
two histidine residues and a sulphur ligand, derived from a methionine residue.101,103  
The catalytic cycle of dopamine β-hydroxylase starts with the reduction of both 
Cu(II) ions by ascorbate and subsequent binding of the substrate and dioxygen.98, ,  104 105
Several supramolecular interactions hold the substrate in place. Upon addition of 
dioxygen, a proton and a substrate molecule to the Cu(I) complex (Figure 1-11B, bottom 
left) a peroxo complex [CuM(II)(OOH)] is formed (Figure 1-11B, top left) and O-O bond 
breaking releases water and affords a copper radical [Cu(II)(O•)] and a tyrosyl radical 
(Figure 1-11B, top middle). Hydrogen abstraction from dopamine by [Cu(II)(O•)] creates 
a configuration (Figure 1-11B, top right) containing a substrate radical and a [Cu(II)(OH)] 
species hydrogen bonded to the tyrosyl radical obtained in the previous step. A hydrogen 
atom is transferred from the copper to the tyrosyl radical, producing an oxygen centred 
radical on the metal (Figure 1-11B, bottom right). Subsequent recombination of this 
radical with the substrate radical produces coordinated norepinephrine without inversion 
of stereochemistry (Figure 1-11B, bottom middle). The product is then released to give 
the resting Cu(I) complex (Figure 1-11B, bottom left) to complete the catalytic cycle. 
How do both copper ions communicate with each other and channel the required 
electron without forming a Cu-O2-Cu bridge? Prigge has observed that even intact 
crystals of PHM show catalytic turnover; a large interdomain movement bringing the two 
copper ions in proximity is not compatible with this finding.  Several other suggestions 
about this electron transfer have been made. One hypothesis is the initial reaction of 
dioxygen with the reduced CuA (CuH) to form superoxide, which is channelled to CuB 
(CuM) to form the native hydroperoxy intermediate.106  
 
Figure 11. (A) Reactions of dopamine β-hydroxylase (DβM) and peptidyl α-hydroxylating 1-
monooxygenase (PHM); (B) catalytic cycle of dopamine β-hydroxylase, adapted from refs. 98 & 
105. 
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Another explanation is that a substrate, which is bound to the enzyme, can cause 
changes in the geometry of the enzyme, which shortens the distance between the two 
copper centers.  Recently, Jaron and Blackburn have proposed a third explanation. They 
suggest the presence of an extra substrate binding site near CuH which would allow the 
substrate to travel between the two copper ions. Their proposal is based on studies on 
native107 and half-apo  peptidyl-α-hydroxylating monooxygenase. It was found that in a 
half-apo enzyme, which only contains CuM, the copper is transferred from the CuM site to 
the CuH site upon binding of substrate. However, studies on the other half-apo enzyme, 
which only contains CuH, are needed to substantiate these findings. 
 
1.3.4 Synthetic models for mononuclear copper enzymes   
 
Many synthetic models for mononuclear copper enzymes have been reported in 
the literature. Wang and Stack have reported a functional galactose oxidase model based 
on the Cu(II) complex of a salen-type ligand (L20, Figure 1-12 left).108 Addition of two 
equivalents of the oxidant TPA+i and two equivalents of lithium benzylalcoholate as a 
substrate afforded one equivalent of both benzaldehyde and benzyl alcohol. In total a 
TON of 9.2 was observed with 20 equivalents of substrate and oxidant. The 
3,5-substitution pattern of L20 prevents a radical coupling mechanism, such as observed 
in copper catalysis of the oxidation of phenols (Chapter 5).  
 
Figure 1-12. (A) Synthetic model L20 for galactose oxidase; (B) catalytic cycle of oxidation of 
phenol using a Cu complex of L20. 109
                                              
i TPA+: tris(4-bromophenyl)aminium hexachloroantimonate 
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Two years later Wang and Stack published further studies with the same ligand 
L20,109 describing the oxidation of benzylic and allylic alcohols with dioxygen as the 
oxidant and a TON of more than 1000. The catalytic cycle is similar to that of galactose 
oxidase (Figure 1-12B).109 The fully oxidised form of the model L20· (Figure 1-12B, top 
right) contains antiferromagnetically coupled Cu(II) and a phenoxyl radical and is EPR 
silent. Hydrogen atom abstraction with a kinetic isotope effect (KIE) of 3.5 (compared to 
7.7 in galactose oxidase) and subsequent electron transfer gives the reduced Cu(I) species 
L20- to which product aldehyde is coordinated (Figure 1-12B, bottom right). Addition of 
dioxygen replaces the product and a peroxo complex [Cu(II)OOH] is formed 
(Figure 1-12B, bottom left). The catalytic cycle is closed by addition of substrate that 
releases hydrogen peroxide.  
Chaudhuri has described a ligandi (L21, Figure 1-13A) that forms a dinuclear 
Cu(II) complex with two bridging phenolate groups and two phenoxyl radicals.110 Primary 
alcohols are mainly oxidised to the corresponding aldehydes, e.g ethanol yields 
acetaldehyde (63%) and secondary alcohols produce the radical coupled 1,2-glycols, e.g. 
2-propanol gives 2,3-dimethyl-butane-2,3-diol (61%). Primary and secondary alcohols are 
oxidised via two different routes (Figure 1-13B). Both cycles start with H-abstraction, viz. 
from one and two substrate molecules, in the case of the primary and secondary alcohol, 
respectively. In the former case this reaction is followed by electron transfer, dissociation 
of the aldehyde, and reduction of dioxygen to hydrogen peroxide to regenerate the 
starting catalyst. In the latter case the radicals of the two coordinated substrate molecules 
combine to afford the coupling product, which dissociates, and after reduction of 
dioxygen to hydrogen peroxide the starting catalyst is regenerated. 
The dinuclear copper complex of L21 is the active catalyst, and in contrast to the 
model by Wang and Stack, the oxidation state of copper is not changed during the 
catalytic cycle, instead copper is only used to hold the complex together. The ligand 
radicals supply both electrons for the oxidation reaction. When the thioether link is 
changed for an amine link, the ligand L22ii is obtained. The mononuclear complex is 
active in oxidation of primary alcohols including ethanol. In this process copper(I) is 
oxidised to copper(II) by dioxygen.111 Ligand L22 shows a behaviour that is different 
from that of ligand L21, since in the latter case the oxidation state of the copper is not 
changed. Ligand L22 is more related to L20 since in both cases the oxidation state of 
copper is changed during the reaction.  
                                              
i L21: 2,2’-thiobis(2,4-di-tert-butylphenol) 
ii L22: N,N'-bis(2-hydroxy-3,5-di-tert-butylphenyl)amine 
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Figure 1-13. Dinuclear galactose oxidase model.110 (A) Structure of ligands L21, L22, and L23; (B) 
proposed reaction mechanism.  
Another N2O2 ligand L23i (Figure 1-13A) has been prepared and its 
Cu(II) complex was found to be active in the aerobic oxidation of alcohols (TON of 
5 x 103 in 45 hours).112 The valence of the metal did not change (similar to L21, in 
contrast with L20 and L22) during the catalytic cycle and ligand radicals were shown to 
be involved. The Zn(II) complex was also found to be active in catalysis which is 
corroborative evidence that the valence of the metal ion is not changed during the 
reaction.  
Itoh has designed a ligand L24ii (Figure 1-14) based on a PY2 unit; L24 forms 
complexes with either Cu(II) or Zn(II).113 The ligand in these metal complexes can be 
readily oxidised by CANiii to a phenoxy radical species, which shows characteristic 
UV-Vis absorption bands around 880 nm. This mononuclear radical species reacts with 
benzyl alcohol; in the case of copper this affords a Cu(I) complex and benzaldehyde. 
Since Zn(II) cannot supply the second electron a dimeric species is formed, 
[Zn(II)(PhCH2O)]2, which disproportionates to benzyl alcohol and benzaldehyde with 
only half the yield compared to the reaction with copper.  
Thomas has published a N2O2 ligand (L25iv, Figure 1-14) which gives a 
mononuclear Cu(II) complex that forms a phenoxyl radical species [Cu(II)L•] upon 
                                              
i L23: N,N'-bis-(2-hydroxy-3,5-di-tert-buyl-phenyl)-benzene-1,2-diamine 
ii L24: 2-methylthio-4-tert-butyl-6-methyl-(bis(2-ethylenepyridine)phenol 
iii CAN: ceric ammonium nitrate 
iv L25:N-(2-hydroxy-3-tert-butyl-5-nitrobenzyl)-N-(2-hydroxy-3-tert-butyl-5-methoxybenzyl)-N-(2-methylpyridine)- 
   amine  
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aerobic oxidation.114 This was confirmed by the absence of an EPR signal indicating that 
the Cu(II) and L• are antiferromagnetically coupled. The non-radical ligand displays some 
activity in the oxidation of benzyl alcohol and a TON of 220 was observed after two days. 
When the electrochemically generated [Cu(II)L•] was used, however, the reaction was 
much faster with a TON of 220 after two hours.  
Shimazaki has prepared a N2O2 donor ligand L26i (Figure 1-14) which, upon 
coordination with Cu(OAc)2, forms a distorted square pyramidal Cu(II) complex with one 
coordinating phenolate and one coordinating protonated phenol (λmax 470 nm).115 The 
acetate complex can be oxidised by CAN and oxidative N-dealkylation products were 
observed in 15 % yield (Figure 1-14, bottom right). The use of CuCl2 leads to a complex 
wherein both phenol groups are protonated and upon standing of that copper complex 
for a few weeks at room temperature N-dealkylation products were observed in addition 
to a radical coupling product (Figure 1-14, bottom right). 
When Cu(ClO4)2 was used as the metal salt, a Cu(II) perchlorate species was 
formed (λmax 403 nm, shoulder at 654 nm), which disproportionates to a phenoxyl radical 
species and [Cu(I)(CH3CN)4]ClO4. In this case less than 10% N-dealkylation products 
were found in addition to a radical coupling product. The reactivity of the complex 
increases with decreasing anion basicity (order of basicity: CH3COO->Cl->ClO4-). 
 
Figure 1-14. Ligands L24, L25, L26 and reaction products of oxidation of the Cu(II) complex of 
L26. 
                                              
i L26: N-(2-pyridylmethyl)-N,N-bis(2-hydroxy-3,5-di-tert-butylbenzyl)amine 
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Figure 1-15. Proposed overall reaction of acetone oxidation by the copper complex of L27.116  
Very recently the oxidation of acetone to lactate in dichloromethane by the Cu(I) 
complex of ligand L27 (TPCF3,CH3)i was reported by Diaconu (Figure 1-15).116 One of the 
CH3 groups of acetone was oxidized to COO-, while the carbonyl group was reduced to 
the alcohol. All hydrogen atoms (including –OH and –COOH) in the product are derived 
from acetone, as was determined by isotope labelling. A proposed mechanism involved an 
intermediate methylglyoxal, in which one of the acetone CH3 groups is oxidized to the 
aldehyde by transfer of an oxygen atom from dioxygen, while the second atom of 
dioxygen is converted to water. The product is formed by a subsequent 1,2-hydride shift 
to reduce the acetone keto group to the OH level, and water combines with the newly 
formed acylium ion to form the acid group in the product. At this moment it is not clear 
what the exact mechanism of this reaction is. 
Le Clainche has reported on a calix[6]arene appended with three pyridyl groups 
(L15, see Figure 1-8 above), of which the Cu(II) complex is active in the oxidation of 
ethanol and benzene.117 The Cu(II) complex of L15 reacts with hydrogen peroxide and 
ethanol is converted to acetaldehyde (TON 125) as well as to acetic acid (TON 93). The 
calix[6]arene enhances the rate compared to Cu(II) coordinated by three pyridine 
molecules (Cu(II)Pyr3) (TON 21 and 1, respectively). Benzene is oxidised to phenol and 
p-benzoquinone with a TON of 12 and 38, respectively, compared to 1.4 and 8.5 for 
Cu(II)Pyr3. The author describes the calixarene cavity as being a selective molecular 
funnel for small aromatic molecules. No evidence for the binding of the substrates in the 
cavity was provided, however. 
Another synthetic model capable of alcohol oxidation has been reported by our 
group (L7, Figure 1-16), and is based on a diphenylglycoluril host compound L7; it 
combines a substrate binding site with two ligand sets for copper(II).58  
 
 
                                              
i L27: 3-trifluoromethyl-5-methyl-1-pyrazolyl-borate 
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Figure 1-16. Dinuclear copper(II) complex of L7 (left); schematic representation of substrate 
binding in the cavity of L7 (right). 
While resembling a tyrosinase or catechol oxidase model (see below) in its design 
as a din
ved. The dinuclear 
Cu(II) complex of L7 oxidises benzyl alcohol to benzaldehyde and both copper ions are 
reduced in this stoichiometric process. No Hammett relation was measured for 
substituents on the aromatic ring. However, a rate enhancement by a factor of 50,000 
times is observed for 3,5-dihydroxybenzyl alcohol, which is due to the selective binding of 
this substrate in the cavity of the L7 
binds 3,5-dihydroxybenzene in such a way that the hydroxyl 
site of the receptor (depicted schematically 
in Figure 1-16, right).13 
 
1.3.5 Dinuclear copper en
 
nuclear type 3 copper centres. Molluscan 
hemocyanin consists of 10 to 20 subunits (Mw per subunit 55,000) with multiple 
functio
uclear complex, the catalyst could be considered a galactose oxidase model on the 
basis of its reactivity in the oxidation of primary alcohols, although the hydrogen 
peroxidase reactivity that is characteristic of this enzyme was not obser
 host (section 1.1.2). The dinuclear Cu(II) complex of 
 substrates in organic solvents 
methyl moiety is positioned towards the metal 
zymes and dioxygen binding  
Hemocyanin, the oxygen transporting protein of arthropods (lobsters, spiders) and 
molluscs (octopuses, snails), contains di
nal units (=multiple dinuclear copper sites); arthropodal hemocyanin consists of 
hexamers or multihexamers (Mw per subunit 75,000).85 The colourless deoxy form of 
hemocyanin from Limulus polyphemus has a trigonal planar copper coordination with three 
histidine residues at about 2.0 Å and a Cu(I)-Cu(I) distance of 4.6 Å (Table 1-2).118 
Binding of dioxygen affords a bright blue oxy-hemocyanin with µ−η2:η2-peroxo dioxygen 
binding and a Cu-Cu distance of around 3.6 Å, as revealed by EXAFS119,120,121,122,123 and 
crystallography.    
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Figure 
ion; after copper-to-oxygen charge transfer (CT) a µ−η1:η2 species is 
formed with unpaired electrons on the copper. The exchange stabilisation is delocalized 
ver the two metal centres so that the energy difference between the triplet and singlet 
state is smal  
µ−η2:η2 
 
The Cu O  site is EPR silent and diamagnetic because the oxygen atoms mediate 
antiferromagnetical coupling between the Cu(II) ions. The electronic spectrum is 
dominated by O2  to Cu(II) ligand-to-metal-charge-transfer (LMCT) bands at 345 nm (ε 
20,000
th salts or sodium dodecyl 
sulpha
1-17. Schematic illustration of dioxygen binding to deoxy hemocyanin.* ES=exchange 
stabilisation. (adapted from ref. 122) 
The two copper ions in arthropodal hemocyanin are coordinated by six 
unmodified histidines, whereas in molluscan hemocyanin, in tyrosinase and in catechol 
oxidase (see below), a thioether-link is present to one of the histidine ligands of one of 
the two copper ions (CuA). Recently Metz reported a DFT calculation (and comparison 
with experimental data) on the dioxygen binding in hemocyanin and the different 
intermediates that are formed in this process (Figure 1-17).124  
As dioxygen approaches the dinuclear Cu(I) site, it starts to be coordinated in an 
end on η1−η1 fash
o
l, enabling intersystem crossing. A bent µ−η2:η2 species (‘butterfly species’) is
formed and the subsequent reduction of the butterfly distortion leads to a planar 
complex. Upon release of dioxygen the sequence of events occurs in the reverse order. In 
hemocyanin it is supposed that distortion of the Cu-O2 bond, introduced by elongation of
the Cu-Cu bond, decreases dioxygen affinity, facilitating O2 release.125,126
2 2
2-
 M-1cm-1) and 570 nm (ε 1000 M-1cm-1) (Table 1-2). Hemocyanin is in generally not 
active in catalysis since the substrate is considered not to be able to access and directly 
coordinate to the copper metal site (see below).127 However hemocyanins from Octopus 
vulgaris128 and tarantula (Eurypelma californicum)129 have been reported to show some phenol 
oxidase activity under specific conditions. This is activated by proteolysis or by partial 
unfolding of the protein structure in response to treatment wi
te (SDS), to open up the active site for substrates.130
Tyrosinase (EC 1.14.18.1) is a key enzyme in the melanogenesis (pigment 
formation) and is found in fungi, plants and animals. It is involved in wound healing, skin 
pigmentation and the browning of fruits and vegetables,131 and in the sclerotization of the 
new exoskeleton in insects after moulting.132 It is a phenol oxidase and catalyses both 
aromatic hydroxylation (cresolase activity, monophenolase cycle) and catechol oxidation 
(catecholase activity, diphenolase cycle) (Figure 1-18).125,133  
 28 
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Figure 1-18. Tyrosinase: reactions (A) and mechanism (B). 125 T represent complexes with tyrosine 
and D represent complexes with dihydroxy-phenylalanine.  
Although no X-ray structure is available for tyrosinase, the active site of oxy-
tyrosinase is believed to be similar to that of oxy-hemocyanin. This is evidenced by similar 
UV-Vis characteristics, λmax 350 nm (ε 26,000 M-1cm-1) and 600 nm (12000),134 (see 
Table 1-2 below) and Cu-Cu distance (oxy-tyrosinase 3.63 Å and oxy-hemocyanin 
~3.6 Å), as revealed by EXAFS135 and Raman.136,137 Paramagnetic 1H NMR studies on the 
binuclear Cu(II) active site of Streptomyces antibioticus tyrosinase have revealed a 
coordination of six histidines, as found for hemocyanin.138 The copper site in tyrosinase is 
more flexible than that in hemocyanin, as evidenced by the larger Debye-Waller type 
factor (Chapter 2) for the Cu-Cu contribution.135 This flexibility could account for the 
better substrate accessibility and thus oxidative reactivity.131,139  
The hydroxylation of tyrosine is always directly followed by further oxidation; the 
reaction never stops at the o-catechol level.125 When traces of o-catechol are observed, 
they are derived from reduction of o-quinone.140 A lag phase in the monophenolase 
activity of tyrosinase is caused by monophenol, which deactivates met-tyrosinase.133 As 
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soon as the cresolase cycle produces sufficient catechol to displace this deactivating 
monophenol, the lag phase is ended. Thus the level of catechol is a key parameter in the 
melanogenesis pathway, since tyrosinase cannot produce more catechol without a certain 
starting level of catechol.  
Catechol oxidase (EC 1.10.3.1) also catalyses the oxidation of catechol to quinone. 
There is a large structural similarity with the active site of hemocyanin as was revealed by 
Krebs on the basis of a crystal structure of catechol oxidase from sweet potatoes (Figure 
1-19 left).141,142 The active site of catechol oxidase is similar to the active site of molluscan 
hemocyanin, with one thioether-linked histidine coordinated to CuA (see above). 
Spectroscopic studies also evidence the similarity with tyrosinase and hemocyanins.143  
Tyrosinase and catechol oxidase both catalyse the oxidation of catechol to 
quinone, while only the former is capable of aromatic hydroxylation. Several hypotheses 
have been put forward to explain this difference in reactivity. Solomon has reported that 
phenol hydroxylation by tyrosinase involves a conformational change going from oxy-T 
to met-D (Figure 1-18), as evidenced by spectral data on the binding of competitive 
inhibitors. It could be the case that this conformational change is possible in tyrosinase 
but not in catechol oxidase, since it takes place in the monophenolase cycle and this cycle 
is not observed for catechol oxidation.144 This is merely an indication and the structural 
origin is not yet completely clear.  
Decker has discussed the mechanisms of action of tyrosinase and catechol oxidase 
and compared these with those of several model complexes.145 The access to one of the 
copper ions of catechol oxidase can be blocked by a phenylthiourea derivative,141 which 
inhibits diphenolase activity. Klabunde et al. have postulated that the lack of 
monophenolase activity of catechol oxidase is possibly due to small structural 
rearrangements in the active site. They mention the presence of a glutamic acid on 
position 236 in catechol oxidase that acts as a base in diphenolase activity. In tyrosinase 
this residue is either a leucine or a glutamine. No further explanation of this difference is 
provided however.  
 
Figure 1-19. Crystal structure of active site of catechol oxidase (left). Ligand L28 as catechol 
oxidase model (right). 
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The Phe49 residue of arthropodal hemocyanin also blocks the active site, which 
inhibits the binding of substrate. However, partial proteolysis of the hemocyanin as 
described on page 28 above revealed that, when the Phe49 is pulled out of the cavity, 
some activity is observed for spider hemocyanin.   
 of 
the lig
he binding site and coordination geometry of copper 
may bo
, only few are actually capable of dioxygen activation. Most of the 
mimics that activate dioxygen show ligand oxidation reactions; very few exhibit oxidation 
d in 
nds, some 
of which ar e donor 
atoms for e  
There are several documented cases in which the Cu-Cu distance in dicopper 
enzymes changes with the valence state of the copper. The crystal structure has revealed a 
Cu-Cu distance of 4.4 Å for the reduced catechol oxidase and 2.9 Å for met-catechol 
oxidase (Figure 1-19, left);  EXAFS has provided a distance of 3.82 Å for oxy-catechol 
oxidase and 2.88 Å for resting catechol oxidase.146 The Cu-Cu separation is correlated to 
the catecholase activity as was established by a study of the dinuclear Cu(II) complexes
and L28 (Figure 1-19, right).147 No correlation to monophenolase activity was 
reported. The Cu(II) complexes of L28 have been tested in the oxidation of 3,5-di-tert-
butyl catechol and the observed rate contstants (kobs) were 2430 and 22.8 (h-1) for 
complexes with a Cu-Cu distance of 3.45 and 4.53 Å, respectively.  
The sequence homology between different plant catechol oxidases is 40-60 % but 
the homology with other dinuclear proteins does not exceed the copper binding regions. 
Especially, the region for CuB is highly conserved, and differences in the CuA region have 
been considered to be partly responsible for the functional varieties in hemocyanin, 
tyrosinase and catechol oxidase. T
th be determining factors (see above). 
 
1.3.6 Dioxygen binding and activation by synthetic models of dinuclear 
copper enzymes   
 
1.3.6.1 Binding  
Structural mimics of dioxygen activating copper enzymes have been reviewed 
extensively.52,85,148 Generally, these compounds are only structural models for the active 
site of the enzymes
of exogenous substrate. In this section, the different binding modes of dioxygen will be 
discussed together with several functional enzyme models that activate dioxygen.  
A number of different types of dioxygen binding modes can be distinguishe
dinuclear copper enzymes, while several more exist in synthetic model compou
e depicted in Figure 1-20. The Cu(I) complexes of ligands with thre
xample often give µ-η2:η2 dioxygen binding, while Cu(I) complexes of ligands
with four or more donor atoms preferably give trans µ-1,2 peroxo binding. 
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Figure 1-20. Various dioxygen binding modes observed in synthetic models together with 
characteristic UV-Vis absorption bands. 
The bis-µ-oxo core is more condensed with a shorter Cu-Cu distance (2.8 Å) 
compared to that of µ−η2:η2 (3.6 Å) and trans-µ-1,2 peroxo (4.36 Å) cores (see Table 1-2 
below). The Cu-Cu distance in the bent butterfly µ-η2:η2 Cu2O2 species depends on the 
degree of bending.  
The first crystal structure of a synthetic Cu2O2 model complex was reported by 
Jacobson using the TPAi ligand L29 (Figure 1-21, see Table 1-2 below).149 A dioxygen 
bridged trans-µ-1,2 peroxo dimer was formed. This type of copper dioxygen complex is 
not observed in biological samples. The complex is intensely purple and has a rather large 
Cu(II)-Cu(II) distance of 4.359 Å.  
 
Figure 1-21. Crystal structures of copper dioxygen complexes. A) End-on peroxo complex of 
L29;149 and B) side-on peroxo complex of L30.150  
                                              
i L29: tris-(methylpyridine)amine 
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The first crystal structure of a µ−η2:η2 side-on peroxo species was reported by 
Kitajima (L30i, Figure 1-21B) even before this structural element was recognized in oxy-
hemocyanin.150 The complex of L30 has a close structural and spectroscopic similarity to 
the active site of oxy-hemocyanin (see Table 1-2 below), with virtually identical Cu-Cu 
distances of 3.560 Å (L30) and 3.6 Å (oxy-hemocyanin), Cu-O distances of 1.903-1.927 Å 
(L30) and 1.9 Å (oxy-hemocyanin), and O-O distances of 1.412 Å (L30) and 1.4 Å (oxy-
hemocyanin). Spectroscopic similarity is also observed with electronic bands (in nm) at 
349 and 551 (L30) and at 345 and 570 (oxy-hemocyanin), with resonance Raman bands 
ex or both species. 
wever, the majority of the synthetic Cu2O2 species were found to be 
only s
gen, a third possible binding 
mode is bis-µ-oxo (see Figure 1-20 above), in which the O-O bond has been broken. The 
µ−η2:η2 ted by 
 
µ−η2:η2
 
 
Figure 1-22. Structures of ligands L31
(in cm-1) for ν(O-O) of 741 (L30)151 and 744-752 (oxy-hemocyanin),152 while no bands 
are observed for ν(Cu-O) at λ  of 514.5 nm f
The binding and release of dioxygen from hemocyanin is believed to proceed by 
means of a bent butterfly µ-η2:η2 structure (Figure 1-17, ref. 124) and in order to clarify 
the relationship between the flat and bent butterfly structures, reversible dioxygen binding 
has been studied. Ho
table at low temperature (-40 to -80 ºC) and only a couple of examples of 
complexes that are stable at room temperature are known. The examples include a µ-
η2:η2 complex of the macrocyclic ligand L31,153 and a trans µ-1,2 peroxo complex of an 
ether-coupled bis TPA ligand L32 (see Figure 1-22 below).154  
Besides end-on and side-on peroxo binding of dioxy
 and bis-µ-oxo cores can be in equilibrium155 and may be differentia
spectroscopic techniques.156 The electronic spectra of the bis-µ-oxo and butterfly
 cores have bands in similar positions and can be distinguished only by the ratio 
of the peak intensities.  
 en L32, which form dinuclear copper dioxygen complexes 
 
                                             
that are stable at room temperature. 
 
 
-iPr2pz2)  i L30: tris(pyrazolyl)borate (HB(3,4
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However, resonance Raman is applicable since µ−η2:η2 and bis-µ-oxo have 
Raman peaks at 710-760148,157 and 600158 cm-1, respectively (λex 514.4 and 406.7 nm, 
respectively), with 18O shifts of approximate 40 and 20 cm-1. With Raman, Holland et al. 
established the presence of a bis-µ-oxo core in the oxygenated dinuclear copper complex 
of ligand L33i (Figure 1-23A).158 Some further examples of well-characterized bis-µ-oxo 
and µ−η2:η2 cores are discussed in the binding and activation section. The fact that the 
bis-µ-oxo core is more condensed that the µ−η2:η2 core, as described above at 
Figure 1-20, is one of the factors determining the difference in reactivity between these 
two types of copper dioxygen cores.  
Kodera has reported the crystal structure of a dinuclear Cu(I) complex, based on 
the tridentate ligand L34ii, which binds dioxygen reversibly at room temperature 
(Figure 1-23B).159 The dioxygen complex is spectroscopically similar to hemocyanin with 
UV bands at 360 and 532 nm and a resonance Raman band for ν(O-O) at 760 
(Table 1-2). A slightly bent (162.92°) butterfly µ-η2:η2 complex is formed. The Cu-Cu 
distance is 3.48 Å, which is 0.08 Å shorter than in Kitajima’s model (see Figure 1-21 
above), while the O-O bond length is 0.08Å longer (1.49 Å) and no explanation for this 
difference was provided.  
Dioxygen is released in vacuo at 80°C and is rebound at room temperature; after 
3 cycles 30% decomposition was found to occur. A stable flat µ-η2:η2 coordination, as in 
hemocyanin, was not attained. The reversible binding in Kodera’s system is ascribed to 
the large distortion in the copper dioxygen core, as was also observed by Karlin with Nn 
ligands.160 The binding of dioxygen to a dinuclear centre is believed to proceed via a 
superoxo intermediate in which dioxygen initially binds to only one of the two copper 
ions. This superoxo binding can be both side-on η2-superoxo or end-on η1-superoxo 
(Figure 1-23C).161  
 
 
Figure 1-23. A) structure of ligand L33;156 B) structure of ligand L34;159 C) superoxo dioxygen 
binding161  
                                              
i L33: diethyl-[6-(3-nitro-phenyl)-pyridin-2-yl]-amine 
ii L34: 1,2-bis-[2-(bis-(6-methyl-2-pyridyl)methyl)-6-pyridyl]ethane 
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Figure 1-24. A) Structure of ligand L35;162 B) interconversion between end-on and side-on 
peroxo.162  
Jung has reported a system based on the N4 ligand L35i (Figure 1-24A).162 A trans 
µ-1,2 peroxo mode of binding was found to be kinetically favoured but the side-on 
µ−η2:η2 species was thermodynamically more stable. A transient end-on superoxo species 
was believed to be involved in the interconversion (Figure 1-24B). This pathway of initial 
end-on binding was proposed to occur more often in the dioxygen reactivity of metal 
complexes.  
In order to obtain dinuclear copper dioxygen enzyme mimics, both mononuclear 
and dinuclear copper(I) complexes can be employed. Mononuclear complexes react with 
dioxygen to the corresponding dinuclear species, bringing two mononuclear species 
together.149,150,163 This process is, however, much slower than in the case of dinuclear 
complexes since three instead of two species have to come together. Dinuclear complexes 
overcome to a large extent the unfavourable reaction entropy by preorganizing the two 
copper ions; this was also confirmed in our group by a comparative study using both a 
mononucleating (L36) and a dinucleating ligand (L37) (Figure 1-25A and B, respectively) 
based on aza crown ethers, which were appended with PY2 units.59,164 The copper(I) 
complexes of these ligands were prepared and the dioxygen reactivity was studied at 
-80 °C in CH2Cl2. Oxygenation of the dinuclear species (Figure 1-25B) was fast and was 
complete within minutes, while the oxygenation of the mononuclear species 
(Figure 1-25A) takes up to five hours. When however, potassium ions were added to the 
mononuclear copper(I) complex (Figure 1-25C), the oxygenation was complete within 
30-45 minutes. This is due to pre-organisation of the copper ions by the formation of a 
sandwich complex between the two mononuclear complexes and a potassium ion. The 
latter ion is too large to fit into the centre of the crown ether ring and forms 
1:2 “sandwich” complexes instead.  
 
                                              
i L35: N,N,N’,N’-tetrakis-(pyridin-2-yl-ethyl)-butane-1,4-diamine 
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Figure 1-25. Mononuclear ligand L36 and dinuclear ligand L37 based on crown ethers, and 
dioxygen binding promoted by formation of the potassium sandwich complex K[L362Cu2(O2)].  
 
Figure 1-26. Dinuclear TPA based ligand L38.165 
Dinuclear copper complexes have been prepared with a ligand system, containing 
ethyl-linked TPA units (L38, See Figure 1-26, see Table 1-2 below).165 The formation of 
an intramolecular trans-µ-1,2 complex has a more favourable entropy (-78 JK-1mol-1) than 
the formation of a complex from mononuclear TPA (L29, see Figure 1-121A) 
(-9 JK-1mol-1). The former complex is, however, enthalpically destabilised (37 and 
14 kJmol-1, respectively) with respect to the mononuclear species, since the copper 
oxygen complex is strained in case of the dinuclear ligand. 
 
1.3.6.2 Binding and Activation  
In all model compounds mentioned above only the active site of the enzyme with 
respect to structural similarity is modelled, while we are mainly interested in catalysis of 
the activation of dioxygen with these functional models. A large number of models, active 
in oxidation, has been reported over the last 20 years; in most of these models the ligand 
itself is oxidised, either by design or by accident. Only a small number of synthetic 
complexes show exogenous substrate oxidation with dioxygen as the oxidant.  
The binding mode of dioxygen has a large effect on the reactivity of the synthetic 
complexes; it can be roughly said that µ−η2:η2 complexes display non-basic/electrophilic 
reactivity (Figure 1-27A1 and A2) while trans−µ-1,2 complexes display basic/nucleophilic 
reactivity (Figure 1-27B1 and B2).85 Bis-µ-oxo complexes often show hydrogen 
abstraction from substrates (see below). Upon addition of phenol to a µ-η2:η2 complex, 
radicals are formed, which is in sharp contrast to the basic behaviour (proton abstraction) 
of trans-µ-1,2 complexes.  
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Figure 1-27. Difference in reactivities between µ-η2:η2 species and trans µ−1,2 species. 
The above demonstra µ-oxo complexes are 
better one-electron oxidants. Diff  reactivity between planar and butterfly166 
µ−η2:η2
Dinuclear complexes comprising t its can be connected via various 
nds L40 (n=3) and L35 (n=4) (Figure 1-28A) 
are obtained, where n denotes the number of methylene groups in the spacer.160 The 
dinucle
ation that the ligand (L41H, 
o=Rm=H) is hydroxylated at the aromatic position in between the PY2 units was a 
20 years ago.168 The reaction proceeds via a µ-η2:η2 
interm
 
tes that µ-η2:η2 complexes and bis-
erences in
 cores have not been thoroughly compared in the literature.  
wo PY2 un
linkers. When an aliphatic linker is used liga
ar Cu(I) complexes of ligands L40 and L35 react with dioxygen to form butterfly 
µ-η2:η2 complexes with Cu-Cu distances of 3.2 and 3.4 Å, respectively. The Cu2O2 
complex is bent due to structural restrictions induced by the alkyl linker.167,162 The binding 
of dioxygen is reversible due to the structural restrictions (see above) and the complex is 
not active in substrate oxidation. 
With a m-xylyl group as spacer, a series of R-Xyl ligands (L41, Figure 1-28B), 
afford µ-η2:η2 complexes upon oxygenation. The observ
R
breakthrough in the field, 
ediate that hydroxylates the nearest aromatic position by means of electrophilic 
aromatic substitution. Substituted R-Xyl ligands give different oxidation behaviour. When 
Ro=H and Rm = NO2 (L41NO2), the oxygenation is slowed down and the intermediate 
can be characterised (Table 1-2).169 When Ro = F and Rm=H (L41F), intermolecular 
instead of intramolecular dioxygen binding is observed (not shown).170  
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Figure 1-28. (A) Structures of L35 and L40; (B) structures of L41H, L41NO2 and L41F, and the 
aromatic hydroxylation of L41H or L41NO2.168,169,170 
 
Figure 1-29. (A) Structure of ligand L42; (B) reactivity of the copper dioxygen complex of L42. 171 
Upon replacing the pyridyl groups of R-Xyl (L41H, Figure 1-28B) by 
benzimidazole groups (L42, Figure 1-29A),171 a difference in the binding of dioxygen was 
observed. Dioxygen is reversibly bound with a binding constant of 1.4 x 104 M-1 for L42 
and 2.7 x 106 M-1 for L41H.170 In addition, the dioxygen complex of L42 is stable toward 
oxidation of the ligand. Monophenolase activity was detected with the electron-poor 
substrate methyl-p-hydroxy-benzoic acid (tetrabutylammonium salt) and catecholase 
activity was observed with the electron-rich substrate 3,5-di-tert-butylcatechol 
(Figure 1-29B), which substrate is used often, due to its low redox potential, which readily 
allows oxidation, and its bulky substituents, which limits overoxidation such as ring 
opening .171,172,173 
Direct conversion of phenol into quinone did however not take place. An electron 
withdrawing substituent stabilizes the Cu(II) catecholate species, allowing monophenolase 
activity. Methyl p-hydroxybenzoic acid as such, instead of its salt, can be used as a 
substrate since non-coordinating amino functionalities are present in L42, which can 
deprotonate the phenolic hydroxyl group of the substrate. The yield with phenol as a 
substrate was 12 % compared to 49 % when a phenolate is the substrate.  
The difference in reactivity observed for the pyridyl-appended (L41H)170 and 
benzimidazole-appended (L42)171 ligands is proposed to be due to the larger 
benzimidazole ring and the thereby caused difference in bite angle. 
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Figure 1-30. Structure and reactivity of the copper dioxygen complex of ligand L43.  
Recently, Zhang reported the occurrence of N-oxo-transfer by a µ−η2:η2 complex 
sed ligand with a diethyl benzylamine linker L43 (Figure 1-30, 
t 
d 
 
of a dinuclear PY2-ba
Table 1-2).174 The N-oxide is formed at the nitrogen atom of the benzylamine linker a
0°C with the oxygen atom being derived from dioxygen (Figure 1-30, top right). This 
reaction is mediated by an unidentified reactive species, since upon standing at -80 °C 
decomposition occurred without N-oxide transfer. When the oxygenation was carried out 
at room temperature over a longer reaction period, N-dealkylation reactivity was observe
in addition to N-oxide transfer. One of the non-benzylic methylene groups next to the
central amine was oxidized, leading to breakage of the C-N link and the formation of a 
secondary amine and a not isolable aldehyde, which reacts further to form glyoxal and a 
second secondary amine (Figure 1-30, bottom right).  
Our group has designed a supramolecular model for tyrosinase comprising both a 
substrate binding site and a dinuclear copper site. This dinuclear copper(I) complex, 
which is described in more detail in section 1.2.2, binds and activates dioxygen at -80°C 
and displays oxidative N-dealkylation of the benzylic hydrogen atoms (see Figure 1-6B 
above), which leads to the formation of the aldehyde of the ligand and PY2.  
All ligands described above are dinucleating, but as explained before, this is not a 
requirement for oxygen reactivity (see Figure 1-31).  
 
Figure 1-31. Mononucleating ligands that display dioxygen reactivity. (A) Structures of ligands 
L44, L45, L46 and L48; (B) structure and reactivity of ligand L47. 
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An example of a Cu(I) complex of a mononucleating ligand that displays dioxyge
reactivity is the Me-appended PY2 ligand L44 (Figure 1-31A, see Table 1-2 below)
reported by Obias, of which the Cu(I) complex initially forms a Cu(I)O2 species which 
reacts with another Cu(I) species to form a mixture of µ-η2:η2 and bis-µ-oxo species 
(9:1).175 This complex is active in both H-abstraction of dihydroanthracene (>80
anthracene) and 1,4-cyclohexadiene (>70% benzene), and in radical coupling of 2,4-di-
-butylphenol (quantitative within minutes).  
n 
 
% 
tert
Another example is the ethylphenyl-appended PY2 ligand L45 that was reported 
h is active 
in ligan
ed, as is the case for e.g. tyrosinase. 
It was 
urthermore, 
Blain h
ich hydroxylates ligand L48 in a 
stereospecific manner. The strong reductor benzoin was employed, which was proposed 
 
 
 
by Itoh and Taki; a dinuclear µ-η2:η2 dioxygen copper complex is formed, whic
d hydroxylation at the benzylic hydrogen atoms, possibly with a trace of bis-µ-oxo 
as the reactive intermediate.176,177
179
 When the Ni(II) complex was prepared instead of the 
Cu(I) complex, benzylic hydroxylation of the ligand, H-abstraction of 1,4-cyclohexadiene, 
and o-hydroxylation of 2,4-di-tert-butylphenol occurred; all of which are attributed to a 
nickel bis-µ-oxo complex.178,   
When the ethylphenyl groups are changed to benzyl groups in which the benzylic 
hydrogen atoms are replaced by deuterium, ligand L46 is obtained; the dioxygen adduct 
of the Cu(I) complex of L46 gave a µ-η2:η2 species that was capable of hydroxylating 
lithium phenolates (p-Cl, p-Me, and p-CO2Me) to the corresponding o-catechols in good 
yields of 90 %, 69 %, and 60 %, respectively.180 The reaction stops at the catechol level 
and no subsequent oxidation to the quinone is observ
found that protonated phenols afford only radical coupled products but no further 
explanation was given for this phenomenon. 
Yet another example of an active mononuclear complex was reported by Allen and 
Sorrell, who observed hydroxylation of an isopropyl group of ligand L47 (Figure 1-31B, 
see Table 1-2 below) by a copper dioxygen complex of the same ligand.181 F
as reported a copper dioxygen complex of 2-aminoindane-appended PY2 ligand 
L48 (Figure 1-31A, see Table 1-2 below),182 wh
to reduce the dinuclear bis-µ-oxo Cu(III) species to a more reactive mixed Cu(II)/Cu(III)
species.183 This mixed Cu(II)/Cu(III) species has also been suggested by Eliot as a 
possible reactive intermediate in particulate methane monooxygenase.184  
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Figure 1-32. (A) Mechanism of hydroxylation of ligand L49; (B) structures of ligands L50 and L51; 
(C) structure of L52 and dinuclear and trinuclear copper dioxygen complexes of L52.  
 
Bidentate ligands with only one pyridyl group can give bis-µ-oxo complexes. 
Ligand L49i (Figure 1-32A) affords a bis-µ-oxo complex that is active in benzylic 
hydroxylation with a yield of 46% (theoretical max. 50%).185 An kinetic isotope effect of 
35.4 was observed for the reaction at -80 °C. Furthermore, the effect of p-substituents on 
the ligand was studied and a ρ value of -1.48 was measured. These values are similar to 
those measured for the oxidative N-dealkylation reaction of  (see below). As 
propos
1 C) afforded a 
trinuclear(II,II,III) copper–dioxygen complex with a bis-µ-oxo intermediate.187,187 The 
                                             
L49
ed by Itoh et al.  there are two possible routes for this reaction; the first involves an 
initial H-abstraction step I, followed by oxygen rebound II, whereas the second route 
involves a concerted mechanism III + IV (Figure 1-32A).  
The slightly different ligand L50ii (Figure 1-32B) also gives a bis-µ-oxo complex,186 
which display H-abstraction187 and oxo-transfer to thioanisole.188 When however a methyl 
group was introduced on the 6-position of the pyridine ring (L51iii, Figure 1-32B), a 
µ-η2:η2 species instead of a bis-µ-oxo species was formed, since the shorter Cu-NPy 
distance required for bis-µ-oxo compared to µ-η2:η2 (approx. 1.9 vs. approx. 2.0 Å) 
cannot be attained.  An even less bulky ligand L52iv (Figure -32
 
: Ethyl-phenethyl-(2-pyridin-2-yl-ethyl)-amine  
L50: Ethyl-α,α-dideutero-benzyl-(2-pyridin-2-yl-ethyl)-amine  
iii L51: Ethyl-α,α-dideutero-benzyl-(6-methyl-2-pyridin-2-yl-ethyl)-amine  
 L52: Dimethyl-(2-pyridin-2-yl-ethyl)-amine  
i L49
ii 
iv
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trinuclear copper complex of L52 acts as a two-electron oxidant in the radical coupling of 
2,4-di-tert-butylphenol (yield 97%). Other trinuclear copper complexes will be described 
below.  
Other types of aromatic and aliphatic ligands have been employed to mimic 
dinuclear copper enzymes. Mahadevan has reported on aliphatic ligands based on 
peralkylated diamines, which afford either bis-µ-oxo or µ-η2:η2 complexes depending 
mainly on the alkyl substituents.189,190 The existence of an equilibrium between the two 
species was confirmed by UV-Vis spectroscopy which provided bands for both µ-η2:η2 
(~360 nm) and for bis-µ-oxo (~300 nm, ~400 nm). The equilibrium was found to be 
dependent on the bulkiness of the ligand, interligand steric interactions of bulky ligands 
(R=isopropyl, L53ai, Figure 1-33) favoured µ-η2:η2, whereas small complexes (R=methyl, 
L54aii and L54biii, Figure 1-33) favoured bis-µ−oxo complexes.  
The reactivity of each of the isomers has been studied in the solvent 2-Me-THF, 
r example 
2,4-di-tert-butyl phenol (>95% of C-C coupled dimer), 3,5-di-tert-butyl catechol (>95% of 
corresponding quinone),
                                             
since this gives slow interconversion of the two isomers. It was observed that a bis-µ-oxo 
complex with the non-bulky ligand L54b is effective in oxygenation of fo
 stoichiometric oxidation of alcohols (e.g. benzyl alcohol giving 
90 % of benzaldehyde) and triphenylphosphine (95%). In the case of the bis-µ-oxo 
complex of the more bulky ligand L53biv, a low reactivity towards PPh3 was observed 
(5 %); the reactivity of other substrates is not reported. It is concluded by the authors that 
accessibility of the copper dioxygen core is an important factor determining reactivity. 
This accessibility plays an important role in bis-µ−oxo species, because of the relatively 
dense core of these species. 
 
Figure 1-33. Aliphatic ligands for copper dioxygen complexes. 
 
 
e-1,2-diamine 
i L53a: N,N,N',N'-tetraisopropyl-ethane-1,2-diamine
ii L54a: N,N,N',N'-tetramethyl-ethane-1,2-diamine 
iii L54b: N,N,N',N'-tetramethyl-propane-1,3-diamine 
iv L53a: N,N'-diisopropyl-N,N'-dimethyl-ethan
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 Other aliphatic ligands L55i and L56ii  (AN and MeAN resp., Figure 1-33) were 
found to display different reactivities towards dioxygen.191 The former gives a bis-µ-oxo 
complex in CH2Cl2 whereas the latter gives a µ-η2:η2 complex in this solvent. As was 
observ
tituted TACNiv ligands 
(Figure
ility towards oxidative self-decomposition is considerably 
reduced by the steric interactions among the self-assembled dendrimer subunits that 
shielded nd on the 
outer site was report
copper(I) an sed on the 
 number of bound 
 
                                             
ed for L50 and L51, a steric effect can also play a role in the formation of either 
µ−η2:η2 or bis-µ-oxo complexes, with less bulky ligands favouring the latter type.  
 This has also been observed in the case of L56 en L55, where a difference is 
observed going from methyl to hydrogen. Resonance Raman192 confirmed the different 
structuresiii with a bis-µ-oxo peak (L55) for v(Cu-O) at 608 cm-1 (18O shift 28cm-1) and 
µ-η2:η2 peaks (L56) for v(O-O) at 721 cm-1 (18O shift 38 cm-1) and for v(Cu-Cu) at 
268 cm-1.193 The preference of L55 for either bis-µ-oxo or µ-η2:η2 is dependent on the 
solvent; THF gives a 1:1 mixture, thus shifting the equilibrium from bis-µ-oxo more to 
µ-η2:η2. This is in contrast to what is observed with subs
 1-33 L57) where THF favours bis-µ-oxo and CH2Cl2 favours µ-η2:η2.155,194
197
  
 When the substituent is i-Pr (L57)195 a µ-η2:η2 core is formed in CH2Cl2, whereas 
a bis-µ-oxo core is formed in THF.196,  A crystal structure has been obtained for the 
copper dioxygen complex of TACN with benzyl substituents (L58), revealing an O-O 
distance of 2.287 Å; a Cu-O distance of 1.803 Å, and a Cu-Cu distance of 2.794 Å.  
EXAFS data for the copper dioxygen complex of L58 are in line with the crystal 
structure. 
 Thermally stable bis-µ-oxo species were prepared by using dendritic TACN 
ligands L59 (Figure 1-34).198 With a second (L60) or third (L61) generation aryl ether 
dendrimer a stable bis-µ-oxo complex was formed with half-lifes of 24 and 3075 seconds, 
respectively. The susceptib
surround the active site. In this TACN-dendritic system the copper dioxygen core is 
 by the dendrimer matrix. A PY2-dendrimer with 64 copper binding liga
ed by our group (L62).199 This complex is capable of binding 
d dioxygen at low temperature, and reacts further upon heating; ba
extinction coefficient of the copper dioxygen LMTC band the
molecules of dioxygen is estimated to be 10-11.  
Table 1-2. Data for Cu2O2 complexes (next two pages). 
 
ine 
i L55: 3,3’-iminobis(N,N-dimethyl)propylamine 
ii L56: N,N,N’,N’,N’’-pentamethyl-dipropylenetriam
iii λex = 457.9 or 413.1 nm 
iv TACN: 1,4,7-triazacyclononane 
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Figure 1-34. 
bis-µ−
function of
C-O forma  
µ−η2:η d each 
yet.156 
 
 
several of t 201 
ee of 
) together 
with a thre
to the diox  
Dendritic ligands for binding of copper. 
All the above examples show that there can be a delicate balance between 
oxo and µ-η2:η2 species. The ratio of the two isomeric Cu2O2 cores changes as a 
 solvent and temperature, which indicates that environmental factors subtly 
influence their relative energies and their interconversion. Also minor changes in ligand 
environment induce the interconversion as was discussed above. 
The ultimate question still remains: which Cu2O2 species is responsible for the 
tion step in the hydroxylation reaction catalysed by tyrosinase? Both the
2 and the bis-µ-oxo core appear to be capable of aromatic hydroxylation an
of these cores might react directly with aryl groups in different ways. However, because 
these cores can interconvert at low energetic expense, it is possible that all these 
structures are isomeric forms of one reactive form, which may not have been observed 
There is still an ongoing debate in the literature regarding this subject.  
1.3.7 Multinuclear copper enzymes and models  
Oxygen complexes with more than two copper ions are relevant for the 
understanding of multicopper clusters in enzymes. In recent years X-ray structures of 
hese enzymes have been unraveled, such as of laccase,200 ceruloplasmin,
ascorbate oxidase,202 NO reductase,203 and cytochrome oxidase.204 In the first thr
these enzymes a hydroxide-bridged coupled type 3 site (both copper ions His3
e coordinate type 2 Cu (His2OH) form a trinuclear copper site. The enzyme 
further contains a type 1 copper site at > 13Å.  Oxygen is bound in the trinuclear copper 
cluster between the type 3 and type 2 copper ions; three electrons are quickly transferred 
ygen molecule and a peroxo-intermediate is formed for which two structures
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are proposed (Figure 1-35A).205 This intermediate decays slowly and is correlated with 
 
 
ntains two heme molecules (hemea and 
hemea3
way from 
hemea3
reoxidation of the type 2 copper. One molecule of water is released fast and the other 
stays bound as water or hydroxide to the type 2 copper ion.  
A ceruloplasmin homologue - FET3 - has been discovered in yeast; it oxidises iron 
to the ferric state in order to store it in yeast.206 FET3 is a ferroxidase, which is dependent
on copper incorporation in order to function.207 It contains one type 1, one type 2 and 
one dinuclear type 3 copper site.208 A trinuclear copper (type 2 and type 3) cluster is
separated from a type 1 copper by 13 Å. Fe(II) is oxidised to Fe(III) and dioxygen is 
reduced to water in the biological process; iron is oxidised at the type 1 site and dioxygen 
is reduced at the trinuclear site.  
Cytochrome c oxidase is the terminal enzyme of most respiratory chains and is 
found in the inner membrane of mitochondria and many bacteria.209 It catalyses the final 
electron transfer steps from cytochrome c to dioxygen. Cytochrome c oxidases consist of 
several subunits. Subunit 1 of most enzymes co
) and a copper ion (CuB); molecular oxygen is supposed to bind between the 
hemea3 Fe and CuB and is reduced to water. Subunit 2 contains a CuA centre (with two 
copper ions) where electrons from cytochrome c are first donated to, after which they are 
transferred to hemea. Both copper ions have four ligands, CuA1: [Cys2HisMet] and CuA2: 
[Cys2HisGlu]. They are bridged by two Cys thiolates. The CuB ion is 5.2 Å a
 iron. The shortest distance between the iron atoms of both hemes is 13.2 Å.  
 
 
Figure 1-35. Possible structures of trinuclear copper cluster in multicopper oxidases (A) and in 
Nitrous oxide reductase (B); hexanuclear copper oxygen complex of model ligand L63 (C). 
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Three possible pathways for electron transfer have been described: 1) direct 
pathway; 2) a pathway using Fe coordinated histidine ligands, and 3) a pathway involving 
phenylalanine and methionine residues that have their side chains in contact with both 
hemes. No further evidence for any of these pathways was presented. 
Brown et al. have revealed the X-ray structure of nitrous oxide reductase 
(Figure 1-35B), which contains a tetranuclear copper centre (Cuz) with seven histidine 
ligands and three hydroxides.203 The complex is not completely symmetric due to 
differences in the Cu-Cu distances. In addition to this tetranuclear copper complex the 
enzyme contains a dinuclear copper centre (CuA) bridged by two cysteine residues. The 
Cuz centre is believed to deliver three electrons to the CuA centre where the substrate 
(NO) is bound.  
Karlin has reported a trinuclear copper complex based on ligand L63 
(Figure 1-35C) that forms a hexanuclear copper oxygen complex upon oxygenation, 
bridged by a Cu2(OH)2 core.210 
Two other examples of trinuclear complexes based on bidentate ligands have been 
reported and are depicted in Figure 1-36. The first is by Cole,211 with ligand L64i (Figure 
1-36A) which forms a trinuclear copper complex (CuII,CuII,CuIII) (Figure 1-36B). The 
Cu(II)-Cu(II) distance is 2.641 Å, the Cu(II)-Cu(III) distance is 2.705 Å and the O-O 
distance is 2.37 Å (O-O bond has been broken). The Cu(II) -O distance is 1.98-2.01 and 
the Cu(III)-O distance is only 1.83 Å, which is at least 0.15 Å shorter than usual. 
A second ligand that forms the same copper oxygen complex is ligand L52 (Figure-1-36C, 
see also Figure 1-32C above).187 
 
Figure 1-36. A) structure of L64; B) structure of trinuclear copper dioxygen complex of L64; C) 
trinuclear copper complex of L52. 
                                              
i L64:Tetramethyl-(1R,2R)-cyclohexanediamine (TMCHD) 
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A tetranuclear copper oxygen complex has been reported based on a calix[6]arene 
L65, that contains m-imidazole groups instead of pyridine groups.212 The complex has a 
“stepped-cubane” Cu4O4 core, which that is located in between two calix[6]arene ligands 
that are stacked head to head (Figure 1-37A). The complex is active in the concomitant 
oxidati
o or µ4-peroxo complexes upon addition of dioxygen.213 Upon addition 
of two
e given. However, the spectroscopic data showed 
similar
n contrast to the large number of models for mono- and dinuclear copper 
on of two molecules of 3,5-di-tert-butyl catechol thus displaying four-electron 
reactivity. The regeneration with O2 to give the reactive complex, however, turned out to 
be very slow.  
Reim has described tridendate amino alcohol ligands based on 2,6-disubstituted 
4-methylphenol. The substituents are either pyrolidinomethyl (Figure 1-37B1, L66), 
piperidinomethyl (Figure 1-37B2, L67), or morpholinomethyl (Figure 1-37B2, L68), 
which form µ4-ox
 equivalents of Cu(I) to L66 a tetranuclear copper complex was formed with either 
a µ4-oxo or µ4-peroxo structure (Figure 1-37B1). No crystal structures for the copper 
complexes of L67 and L68 wer
ities with the µ4-peroxo species of the copper complex of L66; UV-Vis bands at 
284 nm (ε 15,900 M-1cm-1), 287 nm (16,200), and 287 nm (16,600); at 384 nm (9,700), 
389 nm (9,500), and 391 nm (9,300); and at 587 nm (610), 586 nm(580), and 565 nm (770) 
were reported for the copper dioxygen complexes of L66, L67, and L68, respectively. 
UV-Vis spectroscopy on the µ4-oxo complex of L66 gave different bands at 270-280 nm 
(sh), 320-440 nm (sh) and 645 nm (340). From the above it can be concluded that the 
structure of the copper dioxygen complexes of both L67 and L68 most probably is 
µ4-peroxo.  
I
enzymes, only a small number of tri- or tetranuclear complexes has been reported, as 
mentioned above. This field is however still evolving. 
 49
Chapter 1 
Figure 1-37. (A) Calix[6]arene with methyl-imidazole ligands (L65) and the tetranuclear copper 
dioxygen complex that is formed. (B1 and B2) Tetranuclear complexes of ligands L66, L67, and 
L68. 
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Principles of Spectroscopy and Instrumental 
Design  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
The basic principles of UV-Vis and XAS spectroscopy are described. Furthermore, 
the design and construction of a new experimental setup for low temperature UV-Vis 
studies and XAS studies is presented.i This system consists of a cell for low–temperature 
UV-Vis studies under anaerobic conditions and a cell for XAS studies of dilute and air 
sensitive solutions in organic solvents.  
                                              
i Part of this chapter has been published as: A new cell for combined UV-Vis and XAS studies under low  
temperature and air exclusion conditions, V. S. I. Sprakel, M. C. Feiters, R. J. M. Nolte, P. M. F. M. Hombergen, 
A. Groenen, H. J. R. De Haas, Review of Scientific Instruments 2002, 73(8), 2994-2998. 
 
Chapter 2 
 
2.1 Principles of spectroscopy     
 
2.1.1 UV-Vis spectroscopy  
 
 UV-Vis spectroscopy (or electronic spectroscopy) studies systems that absorb in 
the ultraviolet and visible regions of the spectrum of electromagnetic radiation.1 A blue 
dye, for example, absorbs red light from the spectrum, leaving the blue light to be emitted 
and for the eye to see. Metal (oxo) complexes display ligand-to-metal charge transfer 
(LMCT) bands in the UV-Vis range that are sensitive to changes in the coordination 
environment.2 UV-Vis spectroscopy can therefore be used to identify different copper 
dioxygen structures in both biological3, , ,4 5 6 and synthetic systems.7, , , ,8 9 10 11 A more detailed 
description of these systems as well as their UV-Vis characteristics is presented in 
Chapter 1. 
 Synthetic copper dioxygen complexes are, with a few exceptions,12,13 only stable at 
low temperature (–80°C) which complicates most physical measurements. UV-Vis 
spectroscopy is feasible at low temperature and allows fast measurement, which enables 
the study of dioxygen uptake by copper complexes. Special requirements have to be met 
to study dioxygen uptake; the system needs to be operable at –80°C, and both the 
presence of dioxygen as well as its concentration needs to be precisely controlled.  
 A specialized glass vessel was designed that meets these requirements and this 
setup will be described later in this chapter. Figure 2-1 lists the absorption bands of 
various copper oxo complexes at –80°C, showing that planar µ-η2:η2 and bis-µ-oxo can 
be clearly distinguished. Bent µ-η2:η2 and bis-µ-oxo, however, have absorptions in similar 
positions and are difficult to distinguish (Chapter 1). Trans µ-1,2 peroxo (end-on peroxo) 
copper oxygen complexes display completely different electronic bands.  
 
 
 
Figure 2-1. UV-Vis absorption bands for copper dioxygen complexes: planar µ-η2:η,2,14 bent 
µ−η2:η,2,15 bis-µ-oxo,16 and end-on peroxo. 
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2.1.2 X-ray Absorption spectroscopy  
 
2.1.2.1 Introduction  
 X-ray absorption spectroscopy (or XAS) utilizes synchrotron X-rays as a light 
source for absorption spectroscopy.17 The wavelength of X-rays lies in the range of 
0.01 to 100 Å and when X-rays of the proper wavelength are applied to a substrate, 
electrons from the core shells are ejected (photoelectric effect). With a gradual decrease in 
X-ray wavelength (increase in photon energy), the absorption coefficient µ decreases until 
a certain critical wavelength is reached where the absorption coefficient increases abruptly 
by several fold (Figure 2-2 left). This discontinuity in the absorption coefficient 
corresponds with the ejection of a core electron from an atom and is called an absorption 
edge. Further increase in energy causes a similar decrease in µ until another absorption 
edge of another element in the sample (cf. Figure 2-2 left) or another edge of the same 
element is reached. The absorption edges correspond with the shells from which the 
electron is ejected: K (1 line), L (3 lines), M (5 lines) etc. When a photoelectron is emitted 
the hole can be filled by an electron from a higher shell, this produces either fluorescence, 
Auger electrons or secondary electrons (Figure 2-2 right). We are in particular interested 
in the fluorescence, which is a radiative process, since the energy of the fluorescent 
radiation is the energy difference between the two shells.  
 XAS measurements require high energy synchrotron radiation since electrons have 
to be emitted from stable core shells. Synchrotron radiation is emitted when charged 
particles (electrons or positrons) travel with a speed approaching that of light in curved 
paths in a magnetic field. The radiation is of high intensity and tuneable over a wide 
energy range. Synchrotrons are found on only a limited number of places in the world, 
since they require elaborate and costly technical facilities. 
 
Figure 2-2. Schematic representation of an X-ray absorption spectrum (left); interaction of 
photons with the core levels of an atom (right).  
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The XAS experiments for this research were all carried out at the EXAFS beam 
line of the European Molecular Biology Laboratory (EMBL) Outstation in the Hamburg 
Synchrotron Laboratory (HASYLAB) at the Deutsches Elektronen Synchrotron (DESY) 
in Hamburg, Germany. The high energy electrons are injected in a storage ring (DORIS) 
and in a high vacuum (10-9-10-10 Torr) they can be maintained for hours.i At several points 
in the storage ring, radiation beams can be divided among the user experiments via a 
beam line and associated optics (Figure 2-3).18, , ,19 20 21 All optical elements are located inside 
a vacuum system, which is separated from the storage ring by two 0.4 mm thick 
Be-windows. After passing through a set of horizontal and vertical slits and a 5 µm thick 
Al-foil (photo emission device) the required wavelength is selected by diffraction from a 
double Si-crystal monochromatorii and the resulting monochromatic beam is passed 
through another set of vertical slits and focussed by a segmental mirror.19 A slit system 
(horizontal & vertical)iii, ionization chambers, a cryostat, a fluorescence detectoriv and the 
energy calibration system are mounted on an optical bench inside the experimental hutch.   
X-ray absorption spectra can be divided into several regions, the variation of the 
absorption coefficient at energies above the edge display a fine structure called Extended 
X-ray Absorption Fine Structure or EXAFS, which can give information about the 
number and type of atoms surrounding the absorber. The pre-edge region contains 
valuable information such as the electron configuration and the site symmetry and the 
X-ray absorption near edge structures or XANES give information about the oxidation 
state when the absorber is a metal.  
Figure 2-3. Schematic representation of an experimental setup for XAS measurements, adapted 
from ref. 18.  
                                              
i Energy source: 4.5 GeV 
ii Si(111) and Si(220) 
iii Beam size at sample: 5.0 mm x 1.5 mm 
iv CANBERRA 13 element solid  state detector 
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2.1.2.2 EXAFS  
 EXAFS22,23,24 refers to the oscillatory variation of the X-ray absorption as a 
function of photon energy beyond an absorption edge. Such fine structure may extend up 
to 1000 eV above the edge and may have an amplitude of 1 to 20% of the edge jump. 
EXAFS has been widely used in the structure elucidation of biological systems including, 
hemoglobin, cytochromes, and hemocyanin. The coordination sphere and Cu-Cu distance 
for oxy and deoxy hemocyanin were identified in the late seventies25 and in the early 
eighties, with the help of better fitting procedures, more reliable distances were found: 
3.66 Å for oxy and 3.43 Å for deoxy hemocyanin.26 Other copper enzymes studied by 
EXAFS are peptidylglycine α-hydroxylating monooxygenase,27 cytochrome oxidase, 
superoxide dismutase and quercetin dioxygenase.28 An advantage of EXAFS over X-ray 
crystallography is the possibility to measure in solution and it has been used often to 
study in situ catalytic reactions on supported or heterogenous catalysts.29, ,30 31 New 
advances in XAS technique allow study of mixed valence compounds32 or even on 
dynamical chemical systems.33
 Several modes of EXAFS measurements exist, of which the best known are 
transmission mode and fluorescence mode. In transmission mode the absorption 
coefficient µ (or µx, where x is the sample thickness) is calculated by ln Io/I, where Io and 
I are the intensities of the incident and transmitted beams, respectively. The fluorescence 
mode involves the measurement of the fluorescence radiation at right angle to the 
incident beam. For dilute (biological) systems this method removes the background 
absorption due to other constituents, thereby improving the sensitivity by orders of 
magnitude.   
 
 
 
Figure 2-4 Schematic representation of the EXAFS of: (A) a Kr atom; (B) a Br
2
 molecule, adapted 
from ref. 23.
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 EXAFS involves backscattering of the outgoing photoelectron from the 
neighbouring atoms (neighbours). The outgoing photoelectron can be represented as an 
outgoing spherical wave originated from the absorber. For isolated atoms (e.g. Kr) there 
will be no interference between the outgoing wave and a wave backscattering from 
neighbours and as a result the X-ray spectrum will monotonically decrease after the 
absorption edge (Figure 2-4A). If however a neighbour is present (e.g. as in the Br2 
molecule) it will cause backscattering to the outgoing wave, producing a new incoming 
wave going back to the absorber (Figure 2-4B).  
It is the interference between the outgoing and incoming waves that give rise to 
the sinusoidal variation of µ vs. E known as EXAFS. The amplitude and frequency of the 
sinusoidal modulation depends on the type of neighbouring atom and their distance away 
from the absorber, respectively. In the so-called plane wave approximation the EXAFS 
oscillation χ(E) is converted to the photoelectron wave vector (k) domain by the 
following equation (with E in eV): 
( )( )02625.0 EEk −=
 
After conversion of the EXAFS oscillation to the wave vector (k) domain the EXAFS 
oscillation is described by the following equation:  
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 The backscattering amplitude Fj(k) for each of the number (Nj) of neighbours 
(where j represents the number of shells) is modified by several reduction factors. Si(k) is 
the amplitude reduction factor due to the multi-electron excitations that occur to a 
significant extent, also called many-body effects. The factor contains the 
Debye-Waller-type factor (σ
jj ke
22σ−
j) to account for thermal vibrations and static disorder. The 
term is due to inelastic losses in the scattering process with λ)(/2 kr jje λ− j being the electron 
mean free path, which is the average distance an excited electron can travel before losing 
coherence with its initial state. Sin(2krj + φij(k)) represents a sinusoidal oscillation, which 
is a function of the interatomic distance (2krj) and the phase shift φij(k) experienced by the 
photoelectron (see below). Together with other amplitude effects it limits the accuracy of 
the determination of coordination numbers by EXAFS.  
 EXAFS is the sum of individual waves due to the different types of 
neighbouring atoms or due to the different distances of the same type of neighbours. The 
frequency of each EXAFS wave depends on the distance between the absorber and the 
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neighbour. The photoelectron experiences a phase shift (Coulombic interaction) of the 
absorber twice (once going out and once coming in) and a phase shift of the scatterer 
once. The amplitude of each EXAFS wave depends on the number and backscattering 
power of the neighbouring atoms, as well as on its bonding to and distance from the 
absorber. From an analysis of the scattering profiles, one can quantitatively assess the 
types and numbers of atoms surrounding the absorber.  
Normally, the contributions of more than one neighbour can simply be accounted 
for by addition of the single scattering effects of the different scatterers. When however, 
three (or more) atoms are linearly arranged, or nearly co-linear, the EXAFS contribution 
from the neighbouring atoms as far as 8 Å away can be observed (normally 4 Å). For 
these systems both amplitude and phase of the EXAFS of the more distant neighbour is 
significantly affected by the intervening atom. The amplitude is greatly enhanced and the 
short-range single-scattering approach is no longer valid. A multiple scattering approach 
must be used in order to obtain correct distances and coordination numbers. This 
approach has an extra advantage since it provides information about the angles between 
the different atoms. A disadvantage is that additional parameters (angles) are required. 
 
Figure 2-5. Steps in data reduction: (A) data obtained from EXAFS experiment; (B) background 
removal, normalization and E to k conversion; (C) k3 weighting; (D) Fourier transformation, 
adapted from ref. 23.  
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Structural determination via EXAFS can be accomplished by detailed data analysis 
called simulations. Data reduction was carried out with the EMBL-Outstation data 
reduction package including the energy calibration programmes CALIB and ROTAX, the 
averaging programme AVERAGE, and the background subtraction programme 
REMOVE.34 The different steps in data reduction are graphically illustrated in Figure 2-5, 
adapted from ref. 23.  
Figure 2-5A illustrates the data obtained from an experiment. Both the 
extrapolation of the pre-edge (-.-.-) with corresponding background removal and the 
intrapolation of the EXAFS (-----) with corresponding normalization is carried out on the 
data. For background removal ∆µ(E) is calculated by extraction of a smooth extrapolated 
curve from the experimental curve. For normalization the acquired curve is divided by a 
intrapolated curve µo(E). The next step is the conversion of E (eV) to k (Å-1) to give the 
graph in Figure 2-5B.  
 E0 is normally chosen where the absorption edge is steepest, but is allowed to vary  
(∆E0) in the fitting procedure. In order to compensate for the attenuation of the EXAFS 
amplitude at high k values, χ(k) is often multiplied by a power of k to give knχ(k). This is 
called weighting and k3 weighting is most frequently used (Figure 2-5C). The next step in 
the determination of structure can be Fourier transformation of the weighed EXAFS to 
give a modified radial distribution function with several peaks (Figure 2-5D). The position 
of the peaks is related to the distance between the absorber and the neighbouring atoms 
(not corrected yet for the phase shift) while the size of the peaks is related to the number 
and types of the neighbouring atoms.  
Simulations of the calibrated, averaged, and background-subtracted EXAFS were 
carried out on dedicated X-ray absorption spectroscopy UNIX computers at the CLRC 
Daresbury Laboratory, Warrington, U.K. (xrsservl) and at the EMBL-Outstation, 
Hamburg, Germany (butthead and animals) with the programme EXCURV98,35 
including the programme MUFPOT for the ab initio calculation of phase shifts and 
backscattering factors.  
For the analysis of the EXAFS we proceeded as follows.36 First, shells were 
Fourier filtered and preliminary analysed for atom type. In the final simulations, 
parameter values for the threshold energy value (∆Ε0), the occupancy of shell j, Nj, the 
distance of the central Cu absorber of shell j, rj, and the Debye-Waller-type factor (as 2σ2) 
were entered and adjusted to match the experimental spectrum and subsequently refined 
by iteration, minimizing the difference between the experimental spectrum and simulation 
as expressed in the fit index. The phase shifts were calculated with an EXCURVE98 
subroutine with both the ground state and the excited state exchange terms at the default 
settings of von Barth and Hedin-Lundquist, respectively, and using the Z + 1 
approximation for the 1s core hole of the excited atom. A multiple scattering approach 
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was used and simulations of single shells with single-shell theory were only used to get an 
impression of the nature and occupancy of the main shells and for preliminary 
identification of atom types involved in the outer shells. The use of multiple rather than 
single scattering theory for the simulations has an additional bonus that the low energy 
range (0-25 eV), which has the best signal-to-noise ration but cannot be simulated 
adequately with single scattering theory, could be included in the simulation. This 
enhances the resolution of the Fourier transform and allows better discrimination 
between the effects of occupancy and Debye-Waller-type factors on the amplitude. In the 
multiple scattering simulations, all shells assigned to one unit were given the same 
occupancy.  
After each iterative refinement of a simulation involving multiple scattering units, 
the unit was plotted and the geometry inspected. The unit used frequently in this thesis is 
the pyridine moiety. The inspection of the geometry of the units is necessary, since 
iterative refinement of the parameters of the pyridine rings in the multiple scattering 
simulations can lead to unrealistic values for the angles and distortion of the rings. In the 
final simulation, the restrained refinement approach was adapted.37 This means that the fit 
index, which is minimized during the iterative refinement, is artificially increased when 
deviations from an idealized geometry of the coordinating pyridine ring, as based on the 
crystal structure of tetrapyridylcopper(II) bis(nitrato pyridine), occur (Figure 2-6).38 To get 
physically realistic parameters and geometries as a result of the refinement of ∆E0, 
distances, occupancies, Debye-Waller-type factors, and angles it was only necessary to 
restrain the interatomic distances of the pyridine (Figure 2-6 left).  
Restrained refinement implies that the values for both Wex and Wd, i.e. weights of 
the contributions to the fit index due to differences between experimental and simulation 
and between idealized and refined geometry, respectively, are set to 0.5. In addition, we 
extended the approach for the simulations with two multiple scattering units, viz. one to 
represent the heteroaromatic ring and one to represent the Cu-O2-Cu diamond core, 
which was first applied in studies of hemocyanin,39,40 to the analysis of the data of 
oxygenated samples presented in Chapter 4. 
 
Figure 2-6. Schematic representation of the pyridine coordination in tetrapyridylcopper(II) 
bis(nitrato pyridine) adapted from ref 38. 
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2.1.2.3 XANES22,41  
The XANES region in an absorption spectrum covers the range between the 
threshold and the point at which the EXAFS begins. Normally, the XANES extends to 
an energy of 50 eV above the absorption edge. Multiple scattering provides information 
about the spatial arrangement of neighbouring atoms, not only their radial distance but 
also their orientation relative to one another and their bond angles. Changes in charge 
distribution around a given atom can alter core level binding energies and thus produce 
absorption edge shifts that affect the XANES. Thus the valence of metal ions in 
complexes can be determined. Since the XANES structures are usually much stronger 
than the EXAFS oscillations, this technique is particularly useful in dilute systems. 
XANES is more sensitive to subtle geometrical distortion than EXAFS. 
 
2.2 Experimental setup and design  
 
2.2.1 Introduction   
 
Previously, our group has studied copper dioxygen complexes by UV-Vis and 
EXAFS.42 More recently, we have obtained UV-Vis and XAS data for two new synthetic 
copper oxygenase mimics,43 but we were not able to reliably correlate these data because 
of differences in sample preparation. To overcome this an integrated system is required, 
which allows the measurement of both UV-Vis and XAS on the same sample.  
In the literature several cells for combining UV-Vis with other techniques have 
been reported: diffuse reflectance spectroscopy,44 difference spectroscopy45 and variable  
and low temperature spectroscopy.46,47 In addition, there exist several examples of 
specialized XAS cells, e.g. for high temperature measurements,48, , ,49 50 51 in situ catalytic 
studies, 50, , , , ,52 53 54 55 56 combination with electrochemistry,57, ,58 59 and for corrosive or air 
sensitive compounds.60, ,61 62 Furthermore, specialised procedures for sample preparation 
for both solid63,64 and liquid samples have been described. All these cells are designed for 
the combination of various techniques. However, none of these cells allows the 
combination of UV-Vis and XAS measurements at low temperature. Weber et al. have 
described an EXAFS cell that is suitable for low temperature fluorescence mode XAS of 
air sensitive compounds.65 Furenlid et al. have designed a glass cell that allows EPR, 
optical, and XAS measurements on the same sample,66 and have used it to carry out 
oxidation and reduction reactions with a nickel porphyrin complex at room temperature.67  
For our research, however, we needed a different type of XAS cell, which is suitable for 
study on (frozen) solutions and which can be combined with a low temperature UV-Vis 
cell. We have designed therefore a new setup, which allows filling of a specialized XAS 
cell directly from the UV-Vis solution at low temperature under anaerobic conditions. 
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2.2.2 Experimental apparatus  
 
2.2.2.1 Low temperature UV-Vis cell and setup  
The UV-Vis spectroscopy setup has to meet certain requirements: it has to be 
suitable for low temperature measurement. This implies that a dry atmosphere has to be 
created to avoid condensation on the optical windows. Furthermore, the cell has to be 
suitable for measurements under inert conditions with the possibility of controlled 
addition of oxygen and direct transfer of the solution to a XAS cell (vide infra) in situ. It 
also has to be possible to stir mechanically and to control the temperature of the sample 
accurately. Finally, the cell has to be reusable and easy to clean and handle.  
Above requirements have been incorporated into the setup depicted in Figure 2-7. 
A glass cell is connected to a closed circuit cryostat, and fitted with an external fibre 
optics probe which is connected to a UV-Vis spectrophotometer with probe adapter 
(Figure 2-7C). Furthermore the argon conditions are maintained by a Schlenk line, and an 
oxygen cylinder is attached for controlled addition of dioxygen; the complete setup is 
usable at low temperatures (-80 °C, Figure 2-7D). The low temperature UV-Vis cell 
consists of a three compartment glass vessel (Figure 2-7A).  
 
 
Figure 2-7. UV-Vis cell. Schematic representation (left) with cross section (A) and top view (B); 
photograph of components of device (C); photograph of device in action (D). 
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The inner compartment (1) is the sample chamber; the second compartment is the 
refrigerant chamber (2), and the third compartment is a vacuum jacket (4) for insulation 
purposes. The refrigerant chamber (2) has an inlet and outlet (3) (Ø 12 mm) for the 
refrigerant liquid of the closed circuit cryostat.68 Specialized tubing is used for the cryostat 
at –80°C; foam insulation insulates this tubing. The tubes are connected to the glass 
vessel by a tube clamp. 
The inner compartment protrudes almost to the bottom of the cell to enable the 
use of a magnetic stirrer inside the sample chamber. The top view of the cell 
(Figure 2-7B) clearly shows the different inlets and outlets. A thin glass tube (5’) (outer Ø 
3 mm) is inserted into the sample chamber through an open GL 14 cap (5) (Schott) with a 
silicone ring. This tube is fitted with a thermocouple type K (chromel/alumel) for 
continuous in situ temperature control. For the actual UV-Vis measurements an external 
fibre optics probe is placed in the cell through an open GL 32 cap (6) (Schott) with a 
silicone ring. The probe is connected to an electronic absorption spectrophotometer via 
two glass fibre wires (length 2 m). The cell furthermore contains a stopcock (7) connected 
to an argon Schlenk line, a B19 inlet (9) for introduction of the sample solution, and two 
B14 (8) inlets for the introduction of gasses (e.g. oxygen). 
 
2.2.2.2 Liquid XAS cell  
In line with earlier work we initially used a very simple XAS cell that consists of an 
aluminium body (29 x 24 x 1 mm) with a rectangular aperture (15 x 10 mm), which forms 
the sample chamber (150 µL). Two rectangular pieces (24 x 18 mm) of Kapton (polyimide 
film) are glued on both sides by cyano acrylate glue (Permacol). On one side of the 
sample chamber there are two radial perforations through which the cell can be filled, 
after which they are closed with glue.i With this type of cell we obtained reasonable data, 
however, also a number of serious problems was encountered: leakage of the sample 
through the glue of the windows due to slight solubility of the glue in the used organic 
solvents, causing contamination of the sample with constituents of the glue. Another 
experimental problem was observed during oxygenation of the sample: oxygenated 
samples are prepared by purging oxygen through a filled cell while it is cooled in dry ice; 
this caused warming up of the sample (due to the low sample volume) and, as a 
consequence, decomposition of the oxy complexes which are only stable at –78°C.  
It was therefore decided to design a new XAS cell that would overcome these 
problems. The new XAS cell should meet the following requirements: (i) no glue should 
be used, (ii) the maximum cell size should be 24 x 40 x 4 mm; (iii) it should be possible to 
fill the XAS cell inside the UV-Vis cell at low temperature; (iv) leakage of solvents should 
                                              
i Two-component UHU plus schnellfest 
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be prevented; (v) the cell should be reusable; (vi) it should be easily handled and cleaned; 
and (vii) it should be adjustable to cryostats of XAS beam lines at different synchrotrons. 
Taking all these requirements into account, the cell, depicted in Figure 2-8A, was 
designed and constructed. The body of the cell (10) consists of a ring, (stainless steel, 
outer ∅ 20 mm, inner ∅ 9 mm); the thickness of most of the ring is 1 mm, with a rim 
(11) directly surrounding the sample compartment (width 0.5 mm, total thickness 1.15 
mm). This rim is polished to ensure optimum contact with the window, thus avoiding 
leakage while no glue is needed. The body of the cell (10) is fitted with 12 radial 
perforations (screw thread, Ø 1.6 mm). The sample chamber (100 µL) is completed with 
two filling capillaries (12) (stainless steel, 0.7x0.4 mm, length 20 mm), which are closed 
with Teflon caps. The rim of the body is polished to ensure maximum contact with the 
windows. Two circular Kapton disks (13) (∅ 14 mm) are used as windows, and fastened 
by two stainless steel rings (14) (outer ∅ 20 mm, inner ∅ 9 mm, thickness 0.5 mm) with 
12 radial perforations (∅ 1.6 mm).  
The sample is assembled with 12 set screws (stainless steel, 1.6 x 3 mm), six on 
each side (15). The cell is sealed only by pressure from the screws and no glue or O rings 
are used, since neither is inert to organic solvents. Precise closing of the cell with equal 
tightening of the screws is essential to avoid leakage. The sample only comes into contact 
with the Kapton and stainless steel.  
 
Figure 2-8. Schemes of XAS cell; (A) components; (B) assembled; (C) with cell holder for EMBL 
Outstation, Hamburg, Germany. (D) with cell holder for SRS Daresbury, Warrington, UK. 
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This basic liquid XAS cell (Figure 2-8B) can be filled inside the UV-Vis cell 
(see below) and it can be assembled in liquid nitrogen with the cell holder. Described here 
are cell holders for the cryostats on EXAFS beam lines in Hamburg (Figure 2-8C) and the 
8.1 Anglo Dutch EXAFS station, and other EXAFS stations at the SRS of the CLRC 
Daresbury Laboratory, Warrington, UK (Figure 2-8D). The research described in this 
thesis was only carried out in Hamburg. 
The cell holder for Hamburg (Figure 2-8C) consists of two stainless steel plates 
(16) (23 x 32 x 1 mm) and (18) (23 x 38 x 1 mm). Both have a conical aperture (outer Ø 
21 mm, inner Ø 19 mm) in the middle for embedding the XAS cell. Part (18) has four 
radial perforations (screw thread, Ø 1.6 mm); part (16) has four conical perforations for 
set screws (stainless steel, 1.6 x 3 mm) and a rectangular aperture (5 x 8 mm) on top. Two 
stainless steel strips (17) (23 x 6 x 1 mm) have been attached to (18) as spacers, of which 
the top strip contains a radial perforation (Ø 2.5 mm) for attachment to the cryostat arm. 
The cell holder for the Daresbury Laboratory (Figure 2-8D) contains two stainless 
steel parts (19) and (20) (29 x 42 x 1 mm). Both parts have several apertures: a) a conical 
window (outer Ø 21 mm, inner Ø 19.8 mm) located 12 mm from the top edge for 
embedding the XAS cell, b) four radial perforations surrounding the central window for 
set screws (stainless steel, 1.6 x 3 mm), and c) three perforations (Ø 3 mm), one of which 
is located 2 mm from the top edge for mounting to the cryostat arm and two which are 
located 2 mm from the bottom edge. Around the three perforations on part (19) rims 
have been applied (width 1 mm, total thickness 2 mm) to function as spacers between 
parts (19) and (20). 
 
2.3  Conclusion  
 
In this chapter an overview has been given of the principles of two types of 
spectroscopy, viz. UV-Vis spectroscopy and X-ray absorption spectroscopy, which are 
used frequently in the study on metal-containing natural and biomimetic compounds. 
Furthermore, the design and construction of a new measuring cell to be used in combined 
experiments for both above-mentioned types of spectroscopy is reported. It has been 
shown that the new measuring cell can be used for XAS experiments and that the cell can 
be filled inside of a newly designed UV-Vis system. Both the UV-Vis system and the 
measuring cell are easy to assemble, use and clean. The performance of the UV-Vis 
system and the measuring cell for XAS is reported in more detail in Chapter 4. 
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Synthesis and Characterisation of Receptors 
Appended with Metal Binding Ligands 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
Various mimics of dinuclear copper and non-heme iron oxygenases have been 
designed and prepared. These mimics combine a substrate binding site (receptor) with 
two metal binding ligands, which are either tri-coordinating or tetra-coordinating with 
respect to the metal ion. Furthermore, the synthesis and characterization by NMR of 
Cu(I) complexes of receptors appended by two types of pyridine ligands, viz. PY2 
(bis(2-ethylpyridine)amine) and TPA (tris(2-methylpyridine)amine), is reported. NMR data 
provide evidence for a dynamic inclusion behaviour of some of the pyridine moieties in 
the receptor of both the metal free ligands and the Cu(I) complexes.  
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3.1 Introduction  
 
3.1.1 Copper-dioxygen complexes 
 
Copper proteins that transport or activate dioxygen are abundant in Nature. 1 
Hemocyanin transports O2 in molluscs and arthropods, 2 , 3  tyrosinase causes pigment 
formation in plants and animals,4 while dopamine-β-hydroxylase assists in the synthesis of 
neurotransmitters in vertebrate brains.5 , 6  These proteins have different functions, yet 
they all contain the same metal ion in their active site. A biological dinuclear copper site 
can bind dioxygen in a side-on µ-η2:η2 mode, as was established by X-ray crystallography 
for oxy-hemocyanin (Figure 3-1A).2 Recently a similar active site was observed in catechol 
oxidase 7  (Figure 3-1B) and was suggested to be present in the other proteins 
by similarities in EXAFS and UV-Vis spectroscopic features.8 ,9 ,10 The aforementioned 
enzymes (not including hemocyanin) activate dioxygen and oxidize exogenous substrates. 
They can be classified according to their activity; oxygenases incorporate either one 
(monooxygenase) or two (dioxygenase) atoms of dioxygen into the substrates, whereas 
oxidases produce water (four electron reduction) or hydrogen peroxide (two electron 
reduction) during the oxidation of substrates.  
It is of great interest to mimic the above proteins/enzymes in order to better 
understand their mechanisms of action and to develop new selective clean catalysts for 
industrial oxidation processes. 11  Extensive modelling of the active site of dioxygen 
binding copper enzymes has produced an abundance of synthetic copper complexes,1,12 
which have been described in more detail in Chapter 1, paragraph 1.2.2. Although there 
are now model complexes that provide a structurally correct representation of the close 
copper environment in the copper enzymes, most structural models are not active in 
oxidation reactions. The models which do display catalytic reactivity frequently show 
ligand oxidation instead of exogenous substrate oxidation.  
Figure 3-1. (A) Proposed structure of the active site of hemocyanin based on crystallography of 
hemocyanin subunit II from the horseshoe crab (Limulus polyphemus).2 (B) Crystal structure of 
the active site of catechol oxidase from sweet potatoes (Ipomoea batatas). A hydroxide ion is 
coordinating between the two copper ions.7 
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3.1.2 Tri-coordinating versus tetra-coordinating ligands  
 
A wide variety of ligands has been designed and synthesized to mimic the 
characteristics of the active site of enzymes.1, 13 , 14  Several dinuclear copper enzymes 
contain three nitrogen donor ligands in the copper environment, for example the protein 
hemocyanin and the enzyme catechol oxidase (Figure 3-1).2,7,15 Mimics with a similar 
copper coordination have been reported, using ligands such as L38 i  (Figure 3-2, left 
R=H), which is synthetically easily accessible and can be readily functionalised. 16  
Furthermore, in Nature enzymes with four coordinating ligands to copper are observed, 
e.g. the Cu(II) coordination sphere of the enzyme Cu,Zn superoxide dismutase, which 
consists of four histidine residues.17 Synthetic models have also been prepared using 
tetradentate ligands, such as the ligand L29 ii (Figure 3-2 right).18 The structures and 
copper dioxygen complexes of L38 and L29 are illustrated in Figure 3-2. Whereas a 
µ−η2:η2 dioxygen binding mode is observed for PY2 and also found in Nature (e.g. 
hemocyanin), a trans-µ-1,2 peroxo dioxygen binding mode is observed for TPA.1  
To investigate whether the synthetic Cu(I) complexes are truly structural mimics as 
well as functional mimics of one of the copper enzymes mentioned above, several 
techniques can be applied. In this chapter NMR spectroscopy will be used, but other 
techniques, such as UV-Vis spectroscopy and X-ray Absorption Spectroscopy (XAS) have 
also been applied to the Cu(I) complexes and their dioxygen adducts. UV-Vis 
spectroscopy provides the positions of electronic bands, which are characteristic for the 
different modes of binding of dioxygen to Cu(I) ions; a µ-η2:η2 side-on species has a λmax 
at 360 nm, whereas a trans µ-1,2 peroxo end-on species has a λmax at 550 nm 
(Figure 1-20). XAS provides information on valence and coordination of the metal ion 
for samples both in solid state and in solution. The principles and experimental setup for 
UV-Vis and XAS have been described in detail in Chapter 2, while the results of these 
studies will be reported in Chapter 4.   
 
Figure 3-2. Structure and dioxygen reactivity of the tri-coordinating ligand L38 (left)  and the 
tetra-coordinating ligand L29 (right).   
                                              
i L38: bis(2-ethylpyridyl)-amine (PY2) 
ii L29: tris(2-methylpyridyl)amine (TPA) 
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3.1.3 Aim of research  
 
About ten years ago Nolte et al. started a program to study the synthesis, 
characterisation and catalytic properties of supramolecular copper dioxygen complexes 
containing a substrate binding site (receptor). The goal of this program is to develop 
biomimetic catalysts that mimic the active site of an enzyme as well as its efficiency and 
selectivity.  
In the context of a metal containing enzyme, the active site comprises a 
catalytically active metal ion and a binding site. The binding site consists of a pocket 
nearby the metal ion, which binds the substrate and brings it in the proximity of the metal 
ion. In the synthetic model complexes described in this chapter, the binding site will be 
represented by a host molecule (receptor) that is capable of binding organic guests 
non-covalently. The complex of the receptor and the guest (substrate) is a supramolecular 
complex. The catalytically active metal ion as found in an enzyme will be mimicked in our 
synthetic model complexes by a metal site consisting of a ligand system, for example PY2 
or TPA, which is capable of binding one or more metal ions, for example Cu(I). Herein 
the term “metal site” refers to the metal ion with coordinating ligands in the synthetic 
model complex; the term “receptor” refers to the substrate binding site in the synthetic 
model complexes. The active site of an enzyme is therefore mimicked by a metal site and 
a receptor. The aim of our research is the design and synthesis of synthetic models, that 
are active in the oxygenation of exogenous substrates with substrate, stereo- and 
regioselectivity. A second aim is to study the effect of bringing a receptor in proximity of 
a metal site on the catalytic activity.  
 
Figure 3-3. Representation of two receptor molecules. Molecular clip L1 with guest (top) and 
molecular basket L2 (bottom). 
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The latter aspect is of great interest since hemocyanin, tyrosinase and catechol 
oxidase19 show a difference in reactivity, although they comprise similar metal sites.The 
difference in reactivity has been ascribed to the fact that catechol oxidase possesses a 
substrate binding site near the dinuclear copper site, while the metal site of hemocyanin is 
not accessible to organic substrates.20,21 For tyrosinase a binding site is assumed to be 
present. Synthetic modelling studies could help elucidate this observed difference in 
reactivity. The design of the synthetic models, which are presented in this chapter, is 
based on this finding that a substrate binding site near the metal ion is crucial for 
oxygenation reactivity in copper enzymes.  
A receptor named ‘molecular clip’ which was previously designed in our group is 
based on diphenylglycoluril and selectively binds 1,3-dihydroxybenzenes (Chapter 1) (L1, 
Figure 3-3).22,23 This clip has been enlarged to a so-called ‘molecular basket’ by attachment 
of two crown ether moieties (L2, Figure 3-3).24,25 This molecular basket has two positions 
available (R) for attachment of two ligand sets for Cu(I) ions, creating the metal site in 
this synthetic model. 
 
3.1.4 Previous research  
 
A dinuclear Cu(I) complex based on a molecular basket in which two PY2 units 
are attached to the receptor via m-xylyl linkers (L8, Figure 3-4 left) was previously 
synthesized. 26 ,  27 Dioxygen was bound by this complex in a µ-η2:η2 species, which 
unfortunately was not stable and displayed oxidative N-dealkylation of the ligand itself 
(Figure 3-4).  
One of the benzylic hydrogen atoms of the m-xylyl linker is in close proximity to 
the reactive Cu(II)2O2 complex. This benzylic hydrogen is oxygenated with concomitant 
formation of the aldehyde of the ligand and free PY2.28
 
 
 
Figure 3-4. Oxidative N-dealkylation reaction of Cu(I)2O2 complex of L8. 
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 In the process of catalytic oxygenation of exogenous substrates, oxygen activation 
by the copper centre is an important first step. The following step is substrate oxidation 
and in order to oxidise exogenous substrates a complex is required that does not display 
oxidation of the ligand itself. The ligand L8 of the above complex is too susceptible to 
oxidation because of the presence of benzylic hydrogen atoms and in order to obtain 
oxidation of exogenous substrates a less reactive complex needs to be prepared. 
 
3.1.5 Target molecules 
 
Several mimics have been designed that meet the requirements mentioned in 3.1.4 
(Figure 3-5). In a first mimic the m-xylyl linker is exchanged for an aliphatic butyl linker, 
affording receptor 1 (PY2-appended receptor), in which no benzylic hydrogen atoms are 
present in the metal binding moieties. In a second mimic a pyridyl linker is used instead of 
an m-xylyl linker, affording receptor 2 (TPA-appended receptor), which contains two 
tetra-coordinating TPA ligands instead of the tri-coordinating ligands in receptor 1. In 
compound 2 no benzylic hydrogen atoms are in close proximity of the metal site. We 
expect a different reactivity of receptors 1 and 2 towards dioxygen and substrates.  
As will be described in Chapter 5, it was found during the catalytic studies that 
2-methylpyridyl groups are required for oxidation activity when Mn(III) is the catalytic 
centre. Since receptor 1 contains 2-ethylpyridyl groups instead of 2-methylpyridyl groups, 
receptor 21 was designed. In this receptor the ethylene spacer was exchanged for the 
required methylene spacer. 
 
Figure 3-5. Structures of target receptors. 
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The synthesis and characterisation of these receptors is described in this chapter. 
In addition to this, the coordination of Cu(I) centres to the receptors 1 and 2 was studied 
using Cu(I) titration experiments, which were followed by NMR spectroscopy. The 
reactivity of dinuclear Cu(I) complexes of 1 and 2 towards dioxygen will be described in 
Chapter 4 and the reactivity of these complexes towards substrates in Chapter 5. During 
these studies new ideas arose concerning the structure of receptors 1 and 2. It was found 
that receptor 2 does not possess the optimal geometry for binding of dioxygen to the 
Cu(I) ions (Chapter 4), hence a slightly different receptor 12 was designed, in which the 
TPA ligand is attached to the basket via the 5-position of the pyridyl ring, instead of via 
the 6-position as in receptor 2 (Figure 3-5).  
For reasons of comparison the butyl linker in receptor 1 was selected to be 
approximately of the same length as the m-xylyl linker in receptor L8. The butyl linker of 
1 is, however, much more flexible. In order to test the influence of the linker length on 
the oxygen binding capacity and oxidation reactivity of the dinuclear Cu(I) complexes of 
these receptors, receptor 17 was designed which only differs from receptor 1 with respect 
to the length of the linker (ethyl vs. butyl).  
 
3.2 Results and Discussion  
 
3.2.1 Synthesis  
 
The synthesis of receptor 1 is depicted in Scheme 3-1. Tetrapodand 3 29  and 
compound 4 (tert-butyl-N-(4-aminobutyl)carbamate)30 were heated to reflux in acetonitrile 
for six days under Finkelstein conditions using sodium carbonate as a base. As a result 
compound 5 was obtained via a double ring closure reaction (60% yield).31 Compound 6, 
which contains two primary amino groups for further functionalisation, was obtained in a 
yield of 90 % by deprotection of compound 5 in a solvent mixture of trifluoroacetic acid 
(TFA) and dichloromethane (1:1 v/v).  
Receptor 1 was prepared by a double addition of both of the primary amino 
groups of compound 6 to four molecules of 2-vinylpyridine using one equiv. of acetic 
acid as a catalyst. The aforementioned addition was carried out under stringent 
conditions: the reactants, in a 1:1 solvent mixture of methanol and dichloromethane, were 
heated to 50 °C at high pressure (15 kbar) for 16 hours in a specialized high-pressure 
setup. Receptor 1 was obtained in a yield of 94 % after basic work up and subsequent 
column chromatography on activated alumina (eluent: 2 % MeOH in CH2Cl2).  
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Scheme 3-1. Synthesis of receptor 1 and its Cu(I) complex 1a. 
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Scheme 3-2. Synthesis of receptor 2 and its Cu(I) complex 2a. 
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The dinuclear Cu(I) complex of receptor 1 (named 1a or [1⋅Cu(I)2](ClO4)2) can be 
prepared by two methods. For preparation on a quantitative scale, one equiv. of 1 and two 
equiv. of [Cu(I)(CH3CN)4](ClO4) were dissolved in dichloromethane and stirred for 
10 minutes under standard Schlenk conditions. The resulting complex was precipitated by 
using diethyl ether as a non-solvent.32 Complex 1a was obtained as a yellow solid that is 
very air sensitive in the solid state, and even more air sensitive in solution. For the in situ 
preparation of a solution of 1a, suitable for e.g. catalytic experiments or spectroscopy, one 
equiv. of receptor 1 and two equiv. of [Cu(I)(CH3CN)4](ClO4) were dissolved in the 
desired solvent and then stirred for ten minutes under standard Schlenk conditions. 
The synthesis of receptor 2 is shown in Scheme 3-2. Tetrapodand 3 was reacted 
with benzyl amine under the conditions described above to yield compound 7, which was 
deprotected by reduction under 20 bar of hydrogen pressure to give compound 8.33 
Instead of palladium on carbon with 4 bars of hydrogen for 168 hours as in the literature 
procedure, palladium hydroxide on carbon was used with 20 bars of hydrogen for 
72 hours. The yield in both cases was around 70 %, the reaction time was however 
shorter in the case of the modified procedure. The desired receptor 2 was prepared by the 
reaction of 6-TPA-Cl 11 with compound 8. The synthesis of 11 has been described in the 
literature. It occurs via chlorination of 6-TPA-OH in a multi-step process.34 To simplify 
this procedure a different route was used (Scheme 3-2), starting with the chlorination of 
[6-(hydroxymethyl)-2-pyridyl]methanol to give the protonated compound 9, which was 
deprotonated with Na2CO3 to 2,6-di(chloromethyl)pyridine 10. Compound 10 was 
subsequently coupled to N,N-di-(2-pyridylmethyl)amine (picolylamine) by stirring in THF 
with DIPEAi as a base for one week, affording 11 in a yield of 40 %.  
The substitution of the chlorine group in 11 by the secondary amino nitrogen 
atoms of compound 8 was carried out under Finkelstein conditions with sodium 
carbonate as a base and an excess of 11 (3 equiv.). The resulting receptor 2 was obtained 
in pure form after column chromatography on activated alumina (2 % MeOH in CH2Cl2) 
in a yield of 60 %. The dinuclear Cu(I) complex of 2 (2a or [2⋅Cu(I)2](ClO4)2) can be 
prepared using the two methods described above for 1a, either on a quantitative scale or 
in situ, both under Schlenk conditions.32 Complex 2a was obtained as a yellow solid that 
was very air sensitive in the solid state and in solution.  
The synthesis of receptor 12 (Scheme 3-3) is similar to that of receptor 2, with the 
exception that a different chloro-TPA derivative is used, viz. 5-TPA-Cl 16. The synthesis 
of 16 (Scheme 3-3) started with the bromination of methyl 6-methylnicotinate using 
N-bromo succinimide to obtain compound 13. Compound 14 was obtained by  reaction 
of compound 13 with picolylamine, as was described above for the preparation of 11. The 
                                              
i Diisopropyl-ethylamine 
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resulting methyl ester was reduced with lithium aluminium hydride to the alcohol 
derivative 15, which was chlorinated to give chloro-TPA derivative 16. 
The substitution of the chlorine group in 16 by the secondary amino nitrogen 
atoms of compound 8 was carried out under Finkelstein conditions with sodium 
carbonate as a base and an excess of 16 (3 equiv.). The resulting receptor 12 was obtained 
in crude form. Column chromatography as used for receptor 2 was carried out using 
activated alumina (eluent: 2 % MeOH in CH2Cl2) during which the receptor 12 was 
decomposed as indicated by many unidentified peaks in the 1H NMR spectrum. The lack 
of stability of a 5-substituted TPA was also observed in the case of compound 16. 
Apparently, a chloro substituent on the 5-position of the pyridyl ring is much less stable 
than a chloro substituent on the 6-position of this ring, as in compound 11. This 
difference is most probably also the reason why receptor 12 is less stable than receptor 2.  
Scheme 3-3. Synthesis of receptor 12.  
Compound 17 was prepared in a similar fashion as 1 starting from tetrapodand 3 
(Scheme 3-4). Compounds 3 and 18 (tert-butyl-N-(2-aminoethyl)carbamate) were heated at 
reflux temperatures under Finkelstein conditions to give 19 in 60 % yield. Deprotection of 
19 with TFA in dichloromethane gave compound 20 in 70 % yield. Subsequent high-
pressure addition of 2-vinylpyridine to 20 gave receptor 17, which however, could not be 
obtained in pure form due to decomposition during purification via column 
chromatography on activated alumina, evidenced by the large number of unidentified 
aromatic signals in the NMR spectrum. This experiment was not repeated to investigate 
other means of purification.  
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Scheme 3-4. Synthesis of receptor 17. 
The synthesis of receptor 21 using various synthetic routes is depicted in 
Scheme 3-5. The first route started from compound 6 (Scheme 3-5 left, exp. 1-3). Three 
different reaction conditions for a reductive amination with methyl 2-pyridinecarboxylate 
and sodium cyanide were tested. No product was detected by refluxing in methanol for 
48 hours under argon or by heating at 70 °C in a glass pressure vessel (Scheme 3-5, exp. 1 
and exp. 2, respectively). When the reaction was carried out under high pressure 
conditions (15 kbar, 50°C) for 16 hours, TLC showed the formation of a new 
unidentified product, which could unfortunately not be purified (Scheme 3-5, exp. 3). 
The second route for the synthesis of 21 that was tested involved the addition of 
the HCl-salt of 2-(chloromethyl)pyridine in pure form to 6 in the presence of sodium 
hydroxide in THF as a solvent, following a modified literature procedure (Scheme 3-5, 
exp. 4).35  The desired product could not be detected in the reaction mixture, which 
prompted us to attempt a completely different route. It was decided to first prepare the 
complete metal binding unit, which subsequently was to be attached to either compound 
3 or 8; these metal binding units are prepared by different synthetic routes, as depicted in 
Scheme 3-5 top right and bottom right. 
The reaction of a HCl-salt of 2-(chloromethyl)pyridine with compound 4 was 
carried out according to the modified literature procedure described above (Scheme 3-5, 
exp. 5).35 As the reaction product which was formed (established by TLC) could not be 
obtained in pure form, the following steps in this route, being the deprotection and the 
attachment of the resulting metal binding unit to compound 3, could not be carried out.  
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Scheme 3-5. Attempts to synthesize ligand 21. 
  
Another option is the preparation of the metal binding unit that contains a bromo 
butyl linker, which can be reacted with compound 8. Picolylaminei was reacted with 
1,4-dibromobutane using DIPEAii in THF (Scheme 3-5, exp. 6). This did not afford the 
desired product; possibly quaternarisation of the amine took place, as has been described 
before.36 This indeed was shown by NMR, which revealed a doubling of all pyridyl signals 
and in addition extra signals in the aliphatic region. Subsequently, the reaction of 
picolylamine with 3-bromo-1-propanol (Scheme 3-5, exp. 7), using a procedure which is 
expected to circumvent quarternarisation, was attempted, but again no formation of any 
desired product was observed.  
                                              
i Picolylamine: N,N-di(2-pyridylmethyl)amine 
ii DIPEA: diisopropyl ethylamine 
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Fortunately, the reaction of picolylamine with ethyl-3-bromo-butanoate (Scheme 
3-5, bottom left) was found to give the desired product, however in a poor yield of 12 %. 
The subsequent reduction (Scheme 3-5, exp. 8) did not proceed completely. Hence the 
last steps, viz. the bromination of the alcohol and the addition to 8, could not be carried 
out. Hence, very unfortunately, receptor 21 could not be synthesised. We must conclude 
that several known coupling methods are not suitable to afford ligand-appended 
derivatives of compound 6; this may be due to steric hindrance or inclusion of the linker 
in the binding site of the receptor. The approach to first prepare the complete metal 
binding unit an then couple it to the basket, e.g. via compound 3 or 8 (Scheme 3-2), 
probably offers more chance of success and should be investigated further.  
 
3.2.2 Characterisation by NMR spectroscopy  
 
3.2.2.1 Introduction  
The structures of the dinuclear Cu(I) complexes 1a and 2a were investigated by 
NMR spectroscopy. The titration of a solution of Cu(I) perchlorate to solutions of 
receptors 1 and 2 in CD2Cl2 was carried out under exclusion of air, since air oxidation 
leads to formation of the paramagnetic Cu(II) complex. Receptors 1 and 2 both contain 
two ligand sets for Cu(I) and hence two equivalents of Cu(I) with respect to the receptor 
are required to obtain 1a and 2a. Since the receptors 1 and 2 contain additional potentially 
coordinating sites, namely N and O in the crown ether rings, that could participate in 
Cu(I) coordination, the effect of the addition of a third equivalent of Cu(I) was also 
investigated.  
The 1H NMR spectra of the free ligands 1 and 2 were compared to the spectra of 
the complexes with one, two and three equivalents of Cu(I), which are displayed in 
Figures 3-6 to 3-9 and are listed in Tables 3-1 and 3-2.i The binding of Cu(I) induces a 
shift in the position of many of the proton peaks of the receptors; the values of these 
shifts are listed in parts per million (ppm) with a + sign for a downfield shift and a – sign 
for an upfield shift.  
The NMR titrations of Cu(I) might answer the following questions regarding the 
coordination of Cu(I): (i) Is Cu(I) coordinated selectively to the ligand sets or also 
aselectively to the crown ether moieties? (ii) Is a non-symmetric complex formed upon 
coordination of one equivalent of Cu(I), or does exchange occur between the two ligand 
sets? (iii) Can more than two equivalents of Cu(I) coordinate to the receptor and what is 
the structure of the resulting complex?  
                                              
i All proton signals of the metal-free receptors 1 and 2 have been assigned with the help of COSY and 2D-NOESY 
experiments. 
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3.2.2.2 Copper(I) coordination to receptor 1  
The positions of all peaks and the ∆δ values (shifts in the signals) for 1 to 1a are 
listed in Table 3-1. The first observation from the NMR spectrum (Figures 3-6 and 3-7) is 
that a broadening occurs upon addition of Cu(I), which can be due to the presence of a 
small impurity of paramagnetic Cu(II) in the Cu(I) salt. In some cases this broadening 
obscures the coupling patterns.37  
 
 
Figure 3-6. 1H-NMR spectra of metal-free receptor 1 (bottom) with one, two (1a), and three 
equivalents of Cu(I) in the region of 8.5 to 6.4 ppm. 
 
 
Figure 3-7. 1H-NMR spectra of metal-free receptor 1 (bottom) with one, two (1a), and three 
equivalents of Cu(I) in the region of 4.2 to 2.4 ppm.  
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Table 3-1. Chemical shift values for metal-free receptor 1, and its complexes with one, two (1a) 
and three equivalents of [Cu(I)(CH3CN)4ClO4]. 
 
Proton (symbol, Figure) 0 equiv.(1) 1 equiv. 2 equiv.(1a) 3 equiv. ∆δ 1 to 1a
PyH6 (A, 3-6) 8.40 8.43 8.57 8.57+8.66 +0.17
PyH4 (C, 3-6) 7.47 7.62 7.77 7.78 +0.30 
ArH glycoluril (■, 3-6) 7.06 7.06 7.06 7.04 0
PyH3/5 (B,D, 3-6) 7.00 7.13 7.26 7.30 +0.26
ArH side walls (●, 3-6) 6.61 6.54 6.56 6.64 -0.05
NCH2Ar out 5.53 5.52 5.52 5.53 -0.01
ArOCH2 out (Do, 3-7) 4.04 3.98 3.99 3.96 -0.05
ArOCH2 in (Di, 3-7)  3.86 3.81 3.80 3.76 -0.06
CH2O (E, 3-7) 3.76 3.75 3.74 3.74 -0.02
NCH2Ar in (●, 3-7) 3.62 3.64 3.64 3.65 +0.02
PyCH2CH2N (J, 3-7) 2.82 2.86 2.95 2.97 +0.13
PyCH2CH2N (I, 3-7) 2.82 2.86 2.89 2.91 +0.07
NCH2CH2O (F, 3-7) 2.71 2.70 2.72 2.70 +0.01
Py2-NCH2(CH2)2CH2 (H, 3-7) 2.49 2.55 2.59 2.61  +0.10
Py2-NCH2(CH2)2CH2 (G, 3-7) 2.43 2.44 2.46 2.47 +0.03
Py2-NCH2(CH2)2CH2  1.53 1.53 1.49 1.48 -0.04
 
The NMR spectrum of the complex of receptor 1 with one equivalent of Cu(I) 
shows only an average set of signals for the pyridyl protons of 1, from which it can be 
concluded that copper binding is dynamic in the sense that the Cu(I) ion moves between 
the two PY2 ligand sets.  
The NMR spectrum of the complex of 1 with two equivalents of Cu(I), viz. 1a, 
shows significant shifts in the pyridyl region compared to metal-free receptor 1 
(Table 3-1). The observed downfield shifts in the pyridyl region are attributed to a 
decrease in electron density on the pyridyl ring as a result of electron donation to the 
Cu(I) ion. A more detailed description of the changes observed in the NMR spectrum of 
1 is presented below. 
Upon the addition of a third equivalent of Cu(I), split-up signals become visible 
for protons A and C in addition to a peak at 7.02 ppm, next to the signal for the phenyl 
protons of glycoluril (■). In the aliphatic regions of the NMR spectrum several extra 
peaks are observed: a peak near D0 at 4.15 ppm, and two peaks at 3.48 and 3.53 ppm. It is 
not clear to which protons these peaks can be assigned. It is possible that the four pyridyl 
nitrogen donors and two amino nitrogen donors from the two PY2 units of 1 (a total of 
6 N-donors) are shared among three Cu(I) ions, for example two N-donors per Cu(I). 
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This type of coordination may result in the formation of intra- or intermolecular dimers 
or oligomers, bridged by Cu(I) ions. The additional peaks in the NMR spectrum point to 
a decrease in the symmetry of the complex; the structure of this complex is not yet clear.  
The signals of the phenyl protons of glycoluril (■) do not shift upon titration with 
Cu(I), in line with the distant position with respect to the Cu(I) binding site. The signal of 
the side wall protons (●, Figure 3-6), however, shifts upfield upon the addition of a first 
equivalent of Cu(I) and shifts back after the addition of the third equivalent. The 
observed upfield shift can be the result of the inclusion of a pyridyl group, possibly 
copper-coordinated, in the cavity of 1. It is known that the association constant of an 
aromatic guest with clips and baskets increases with decreasing electron density on the 
guest.38,  39  An increase was found in the acidity of the hydroxyl groups as well as strength 
of the π−π stacking interactions of dihydroxybenzene substrates in the presence of 
electron withdrawing groups. The observed downfield shift of the signal of the side wall 
protons of 1 can be a result of the expulsion of this pyridyl group from the cavity of the 
Cu(I)3 complex, induced by the less dynamic overall structure described above.  
To establish if Cu(I) can also bind to the O- and/or N-donors of the crown ether 
moiety, the shifts in this region of the NMR spectrum were studied (Figure 3-7). An 
upfield shift was observed for the O-methylene D-protons upon addition of one 
equivalent of Cu(I); the signal remains unchanged after the addition of an additional 
equivalent. To establish if the upfield shift is the result of Cu(I) coordination to the 
O- and/or N-donors several alternative explanations have to be considered.  
The observed upfield shift of the O-methylene D-protons could be due to the 
inclusion of a pyridyl group in the cavity; however, since no downfield shift of these 
protons was observed after the addition of the third equivalent of Cu(I) (expulsion of the 
pyridyl group) this cannot be the correct explanation. Another explanation of the 
observed upfield shift of the O-methylene D-protons is a conformation change, such as 
distortions in the torsion angles of the oxyethylene chains in the crown ether moiety, as 
has been described for a molecular basket appended with two chiral aza-R-groups.40 In 
case of coordination of Cu(I) to the O- and/or N-donors, the signals of the other protons 
in this region would also be expected to shift; however no such shifts are observed 
(Table 3-1). From the above it can be concluded that no coordination of Cu(I) to O- and 
N-donors in the crown ether region occurs; it is, however, not exactly clear what causes 
the extra peaks in this region after addition of the third equivalent of Cu(I).  
Distinct downfield shifts were observed for the overlapping signals of the protons 
of both methylene units (I) and (J) of the 2-ethylpyridyl moieties upon addition of one 
equivalent of Cu(I) and the signals are resolved upon the addition of the second 
equivalent. Together with the observed downfield shift of the spacer H-protons, this 
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could point to the involvement of the amine N-donor of the PY2 ligand sets in copper 
coordination. 
Upon the addition of Cu(I)(CH3CN)4ClO4 to 1 an increasing amount of 
acetonitrile, being partly displaced from Cu(I) by the PY2 N-donors, is found in the NMR 
spectra. However, as a result of line broadening the integration of the acetonitrile signal, 
which would have given information about the exact number of acetonitrile molecules 
that were displaced, could not be carried out. The fact that line broadening occurs can 
point to a slow exchange process between acetonitrile coordinated to copper and free 
acetonitrile in solution. It can furthermore be due to the presence of Cu(II) instead of 
Cu(I) as described above. 
Based on the data presented above we can provide answers to the questions stated 
in the beginning of this section: (i) Cu(I) is coordinated selectively to the pyridyl and 
amine N-donor of the PY2 ligand sets, (ii) in the complex of 1 with one equivalent of 
Cu(I), the binding of Cu(I) is dynamic, and (iii) a non-symmetric complex is formed upon 
the addition of three equivalents of Cu(I) to 1. In addition, it has been observed that one 
of the pyridyl groups, possibly coordinated to Cu(I), can bind in the cavity of 1 and that 
this pyridyl group is expelled upon the addition of a third equivalent of Cu(I).  
 
3.2.2.3 Copper(I) coordination to receptor 2 
The positions of all peaks and the ∆δ values found upon the titration of 2 with 
Cu(I) are listed in Table 3-2. The first observation in the NMR spectrum (Figures 3-8 and 
3-9) is that a broadening occurs upon addition of Cu(I), analogous to what has been 
described for receptor 1.  
Two sets of signals are observed in the NMR spectrum (Table 3-2, Figure 3-8) for 
the pyridyl protons of a complex of 2 with one equivalent of Cu(I). The two distinct sets 
of signals are best resolved for the A protons. The signal of the metal-free receptor 2 at 
8.46 ppm is broadened and shifts upon the addition of Cu(I), concomitant with the 
appearance of a signal of the A protons of Cu(I)-coordinated pyridyl at 8.55 ppm.  
The spectrum of the complex with two equivalents of Cu(I), viz. 2a, shows only 
one signal for the A protons at 8.55 ppm. From the combined results it can be concluded 
that Cu(I) binding in 2 is not dynamic, in contrast to what is observed for 1. Hence the 
observed broadening is due only to the presence of Cu(II).  
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Figure 3-8. 1H-NMR spectra of metal-free receptor 2 (bottom) with one, two (2a), and three 
equivalents of Cu(I) in the region of 8.8 to 5.5 ppm. 
 
 
Figure 3-9. 1H-NMR spectra of metal-free receptor 2 (bottom) with one, two (2a), and three 
equivalents of Cu(I) in the region of 4.3 to 2.8 ppm. 
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Table 3-2. Chemical shifts for metal-free receptor 2, and its complexes with one, two (2a) and 
three equivalents of Cu(I)(CH3CN)4ClO4. 
 
Proton (symbol, Figure) 0 equiv.(2) 1 equiv. 2 equiv.(2a) 3 equiv. ∆δ 2 to 2a
PyH6 (A, 3-8) 8.46 (d) 8.54+8.46 8.55(d) 8.55* +0.09
PyH5 (B, 3-8) 7.03 6.94 6.98 7.04 -0.05
PyH4 (C, 3-8) 7.58 7.53 7.56* 7.56 -0.03
PyH4’(C’, 3-8)*** 7.58 7.62 7.66* 7.71* +0.08
PyH3 (D, 3-8) 7.55 7.18-7.15 7.18-7.15 7.25-7.15 ~-0.40
PyH3’ (D’, 3-8) 7.37 (dd) ~7.49 ~7.49-7.53 ~7.65 ~+0.14
ArH glycoluril (■, 3-8) 7.08 7.06 7.05 7.05 -0.03
ArH side walls (●, 3-8) 6.64 6.05 6.05 6.05 -0.59
NCHHAr out (□, 3-8) 5.55 (d) 5.59 (d) 5.60 (d) 5.60(d) +0.05
ArOCHH out (Eo, 3-8) 4.14 4.12 4.17 4.20-4.09 +0.03
ArOCHH in (Ei, 3-8) 3.96-3.70 4.00-3.50 4.00-3.66 4.05-3.60 -
CH2O (F, 3-8) 3.96-3.70 4.00-3.50 4.00-3.66 4.05-3.60 -
PyCH2 (H, 3-8) 3.82-3.80 3.80-3.74 3.78-3.72 3.78-3.72 -
NCHHAr in 3.71 (d) 3.67 (d) 3.68 (d) ** -0.03
CH2N (G, 3-8) 2.89 3.38-3.20 3.31-3.26 3.35-3.20 +0.42
* an extra peak is observed 
** could not be clearly determined  
*** signals for linker-pyridyl groups are denoted with ’ to distinguish them from the ‘free’ pyridyl groups 
 
Upon the addition of a third equivalent of Cu(I), split-up signals are observed for 
protons A, C and C’, pointing to a decrease in the symmetry of the complex, as also 
observed for 1, possibly with the formation of intra- and intermolecular complexes (see 
below). The three Cu(I) ions in the complex with 2, which contains two TPA units 
comprising 6 pyridyl N-donors and 2 amine N-donors, in contrast to only 4 pyridyl 
N-donors and 2 amine N-donors in 1, each have almost three N-donors available instead 
of two in the case of the complex with 1.  
The Cu(I) NMR titration does not show a significant shift of the signals of the 
phenyl protons of glycoluril (■) like in the case of 1. In the NMR spectrum of the 
complex of 2 with one equivalent of Cu(I) a small peak is observed at 6.4 ppm, which can 
be attributed to residual metal-free receptor 2, indicating that less than one equivalent of 
Cu(I) was actually present. For the complex of 2 with one equivalent of Cu(I), a large 
upfield shift of -0.59 ppm is observed for the signal of the side wall protons. Upon the 
addition of additional equivalents the signal remains unchanged. The observed upfield 
shift of the side wall protons can be the result of the inclusion of a pyridyl group, possibly 
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copper-coordinated, in the cavity of 2. A shift in the signals of the side wall protons as a 
result of inclusion has also been observed for receptor 1. The shift observed for the 
complex of 2 is of the same order of magnitude as the shifts that are usually observed for 
complexation of 1,3-dihydroxybenzene guests in the cavities of molecular clips and 
baskets, i.e. around -0.5 ppm.41  
In contrast to what is found for 1, no downfield shift in the signal of the side wall 
protons is observed upon addition of a third equivalent of Cu(I), indicating no change in 
the inclusion behaviour in the cavity, hence no expulsion is observed. For receptor 1 it 
was observed that the binding of copper is dynamic in the complex with two equivalents 
of copper, and not dynamic in the complex with three equivalents of copper (see above). 
In the case of receptor 2, however, the binding of copper is not dynamic in the complex 
with two equivalents of copper, and is dynamic in the complex with three equivalents of 
copper, wherein copper exchanges rapidly on the NMR timescale between the ligands. 
This would still enable one of the pyridyl groups, coordinated to copper or not, to be 
included in the cavity. A reason for this difference between the receptors 1 and 2 is that 
the latter one contains more N-donor ligands, which would facilitate the coordination of a 
third Cu(I) ion in the complex. Furthermore, there is a difference in the chelation, i.e. 
5 and 4 membered chelate rings for the Cu(I) complexes of 1 and 2, respectively. 
The signals of the pyridyl protons shift downfield upon coordination of Cu(I) and 
this downfield shift would compete with an upfield shift that can be expected upon the 
inclusion of a pyridyl group in the cavity. The “net” upfield shift for the signal of the 
pyridyl D-protons upon the addition of one equivalent of Cu(I) can be explained by the 
larger upfield shift as a result of inclusion compared to the downfield shift as a result of 
Cu(I) coordination. Upon the addition of a second and a third equivalent this initial “net” 
upfield shift of the pyridyl D-protons is completely cancelled by the downfield shift as a 
result of the coordination of additional Cu(I). The signals for the pyridyl B- and 
C-protons show the same effect, however, a smaller shift is observed, indicating that the 
pyridyl D-protons are bound more deeply in the cavity than the B- and C-protons. No 
NOE contacts have been observed between the pyridyl D-protons and the side wall 
protons, possibly indicating a fast exchange on the NMR timescale between different 
pyridyl groups in and out of the cavity. 
The signal of the pyridyl C’-protons show, in contrast to the B-, C- and D-protons, 
only downfield shifts for each addition of Cu(I). This can be explained by the fact that 
these C’ protons are protons of linker-pyridyl groups, which do not bind in the cavity and 
hence show no upfield shift. The position of the signal for protons D’ could not easily be 
determined from the spectrum. A COSY experiment of 2a showed the coupling of 
unidentified broad signals between 7.49 and 7.53 ppm with two signals underneath the 
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C/C’ signal. These unidentified peaks might be attributed to the D’ protons; the resulting 
downfield shift would be in line with the observations for C’.  
To investigate possible coordination of Cu(I) to the O- and/or N-donors of the 
crown ether moieties the NMR spectrum of the crown ether region was studied. No 
downfield shift was visible for the spacer H-protons, as was observed in the case of 1, 
which could be an indication that the amine N-donor of the TPA units is not coordinated 
to copper. However, a large downfield shift (0.42 ppm) was observed for the signal of the 
N-methylene G-protons (Table 3-2, Figure 3-9), in contrast to 1, suggesting the 
participation of the aza crown ether N-donor in the coordination of Cu(I). It is proposed 
that copper is coordinated by two of the three pyridyl groups of a TPA ligand set and by 
the aza crown ether N-donor, to give a tri-coordinated copper complex. The third pyridyl 
group of the TPA ligand set is not coordinated and forms a “free dangling” pyridyl group, 
as has also  been concluded from our EXAFS data (Chapter 4), showing that at least one 
of the pyridyl groups of 2 is detached from the Cu(I) ion.  
Similar results have been reported in the literature. It has been shown by X-ray 
that in a complex of TPA with Cu(I) and an additional PPh3 ligand, one of the pyridyl 
groups is detached from the copper ion.42 Another report describes NMR data for a Cu(I) 
complex of TPA, showing that at room temperature broad signals are observed which 
sharpen upon cooling to -50 °C.43 This was ascribed to exchange processes that occur 
between the pyridyl arms, with one of the pyridyl groups dangling free at every moment. 
In solution such free dangling pyridyl groups seems more general than in a solid structure. 
To further investigate whether inclusion behaviour of a pyridyl group in the cavity of the 
host is structurally possible, CPK modelling was carried out, revealing that a pyridyl 
group, either coordinated to Cu(I) or not, can be included in the cavity. Our NMR study 
(see above) shows that inclusion of a pyridyl group in the cavity is dynamic and is 
favoured by Cu(I)-coordination to the pyridyl groups. A schematic representation of this 
type of behaviour is illustrated in Figure 3-10.  
 
 
Figure 3-10. Schematic representation of inclusion of a pyridyl group in the cavity of 2a. 
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 To obtain more evidence for the proposed inclusion behaviour, binding studies 
were carried out with receptor 2 as a host and olivetol (5-pentyl-1,3-dihydroxybenzene) as 
a guest in dichloromethane. NMR studies were carried out using either 2 or 2a, with zero, 
one and ten equivalents of olivetol. The signal of the side wall protons of 2 or 2a is a 
probe for complexation of a guest and is observed at 6.63 and 6.05 ppm, respectively. For 
2 an upfield shift to 6.53 and 6.26 ppm was observed upon addition of one and ten 
equivalents of olivetol, respectively, indicating olivetol binding in receptor 2. For 2a a 
downfield shift to 6.07 and 6.12 ppm was measured upon addition of one and ten 
equivalents of olivetol, respectively, indicating a change in the inclusion behaviour of the 
cavity of receptor 2a, possibly as a result of the binding of olivetol and the expulsion of 
the pyridyl ligand. 
Surprisingly, no NOE contacts between the protons of the side walls and the 
protons of the pyridyl groups were detected with either 2D NOESY or ROESY 
experiments.i This might be ascribed to the molecular weight of the complex, which is in 
the weight range (approx. 2000) wherein no NOE contacts are observed,44 or to an 
inappropriate mixing time.  
 
3.3 Conclusions  
 
Two new receptors, PY2-appended receptor 1 and TPA-appended receptor 2, 
have been synthesized, as well as their Cu(I) complexes 1a and 2a. Furthermore, the 
design and attempted synthesis of three other receptors 12, 17 and 21 was described. 
Receptors 12 and 17 were synthesized but could not be purified, while receptor 21 could 
not be obtained.  
NMR studies have revealed information about structural and dynamic aspects of 
the coordination of Cu(I) to both 1 and 2. The coordination of pyridyl groups to Cu(I) in 
the complex of receptor 1 with one equivalent of Cu(I) is dynamic and fast on the NMR 
timescale; exchange of pyridyl groups to the Cu(I) takes place at room temperature. The 
complex of receptor 2 with two equivalents of Cu(I) does not display this type of dynamic 
behaviour, since distinct sets of signals were observed for the protons of coordinated and 
non-coordinated pyridyl groups.  
Furthermore, large changes in the signals of the side wall protons of receptor 2 
occurred, while only very small changes were observed for receptor 1. These large 
changes in the NMR spectrum of receptor 2 are ascribed to the inclusion of one of the 
pyridyl groups of the ligand in the receptor cavity. This inclusion is induced by 
coordination of Cu(I), which decreases the electron density of the pyridyl group, thereby 
                                              
i NOESY mixing times 50 ms and 200 ms; ROESY mixing time 300 ms (400 MHz). 
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increasing its affinity for the cavity. This inclusion of a pyridyl group can be partially 
disrupted by the addition of a guest, namely olivetol. However, binding of one of the 
pyridyl groups is stronger than binding of olivetol, perhaps due to the intramolecular 
(entropy) effect. In addition, the aza crown ether N-donors of receptor 2 has been shown 
to assist in copper coordination, whereas the spacer N-donors do not assist in copper 
coordination. Together with the results to be presented in Chapter 4 it is suggested that 
only two out of the three pyridyl groups coordinate to the copper ion, while one of the 
pyridyl groups is dangling free.  
 
3.4 Experimental  
 
[Cu(I)(CH3CN)4](ClO4) was synthesized from copper oxide according to a literature procedure by 
Kubas.45 Caution: perchlorate salts are potentially explosive and should be handled with care. Diethyl 
ether, THF, toluene and n-hexane were distilled under nitrogen from sodium benzophenone ketyl. 
Dichloromethane, chloroform, methanol and acetonitrile were distilled from CaH2. Triethylamine was 
dried on KOH. Diisopropylamine was distilled over ninhydrin and subsequently over KOH. 
2-Vinylpyridine was vacuum distilled. Ethylacetate, hexane, chloroform and dichloromethane used for 
column chromatography were rotary evaporated prior to use. NaCO3 and NaI were dried in an oven at 
150 °C. All other solvents and chemicals were commercial materials and were used as received. Merck 
Silica Gel (60H) and Aldrich Neutral Alumina 90 were used for column chromatography. Alumina was 
activated to activity III according to the Brockmann scale.46 To this end the alumina was dried overnight 
in a vacuum oven at 150 °C. Subsequently 6 % of water (w/w) was added and the mixture was 
equilibrated by rotation in a round-bottom flask on a rotary evaporator, at atmospheric pressure. Merck 
Silica Gel F254 plates and aluminum oxide 60 F254 neutral plates on plastic or tin foil were used for thin 
layer chromatography.  
Melting points were determined on a Jeneval polarization microscope THMS 600 hot stage and are 
uncorrected. Infrared spectra were recorded on a BioRad FTS-25 spectrometer. NMR spectra were 
recorded on Bruker WM-200, Bruker AM-300, Varian Unity Inova 400 HR NMR or Bruker DRX-500 
instruments. Chemical shifts are reported in ppm downfield from internal standard (tetramethylsilane) at 
0.00 ppm in the case of 1H-NMR spectra in CDCl3, otherwise the solvent peak was used as a reference 
(CD3OH: 3.31 ppm). In the case of 13C-spectra, the solvent peak was used as a reference (CDCl3: 77.0 
ppm). Abbreviations used are: s = singlet, d = doublet, m = multiplet, b = broad. ESI-MS spectra were 
recorded on a Thermo Finnigan MAT900S double focusing mass spectrometer coupled to an ICIS data 
system using ElectroSpray Ionization. EI and FAB mass spectra were recorded on a VG-7070E 
instrument. The matrix used for FAB was 3-nitrobenzylalcohol. Elemental analysis were determined with 
a Carbo Erba Ea 1108 instrument. 
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8,25-Di(4-di[2-(2-pyridyl)ethyl]aminobutyl)-36,37-diphenyl-2,5,11,14,19,22,28,31-octaoxa-8,25,35,38,43,45-
hexaazaoctacyclo[30.15.2.135,38.015,41.018,40.033,47.036,45.037,43]pentaconta-1(47),15,17,32,40,48-hexaene-44,50-dione (1) 
A solution was prepared of 275 mg (0.27 mMol) of 6 in a few mL of a 1:1 
(v/v) mixture of MeOH and CH2Cl2. To this were added 231 mg of 2-
vinylpyridine (2.2 mMol, 8 equiv.) and 71 mg of acetic acid (1.1 mMol, 4 
equiv.). The yellow solution was transferred to a 7.5 mL Teflon high-pressure 
vessel and a few grains of the radical trap (5-(tert-butyl)-2-[4-(tert-butyl)-2-
hydroxy-5-methyl-phenyl]-sulfanyl-4-methylphenol) were added. After filling 
with the solvent mixture and closing the cap tightly, the vessel was placed in a special high-pressure 
apparatus and kept at 15 kbar and 50 °C for 16 hrs.  After removal of the pressure the Teflon vessel 
appeared dented since the volume was decreased during the reaction. The bright red solution was 
concentrated in vacuo at room temperature to yield a red brown oil. This oil was redissolved in 
dichloromethane and extracted with aqueous base (NaOH). The organic layer was dried over MgSO4 and 
evaporated. The compound was obtained as a yellow solid in 94 % yield after column chromatography 
over alumina (activity III) (eluent: 2% MeOH in CH2Cl2).  
M.p. 156 °C; IR (KBr pellet): ν 1710 and 1590 (C=O), 1123 (C-O-C) cm-1; 1H-NMR (CDCl3, 500 MHz): δ 
8.50 (d, 4H; orthoJ=4.0 Hz, PyC6H), 7.52-7.49 (m, 4H; PyC4H), 7.11 (m, 10H; ArH glycoluril), 7.09-7.05 (m, 
8H; PyC3H + PyC5H), 6.62 (s, 4H; ArH side wall), 5.65 (d, 4H; J=16.0 Hz, NCHHAr out), 4.14-4.10 (m, 
4H; ArOCHH out), 3.98-2.83 (m, 4H ArOCHH in + 16 H CH2O + 4H NCHHAr in), 2.94 (m, 8H; 
PyCH2CH2N), 2.88-2.81 (m, 8H; NCH2CH2O), 2.60-2.56 (m, 8H; NCH2(CH2)2CH2N), 1,30-1,27 (m, 8H; 
NCH2(CH2)2CH2N). 13C-NMR +HETCOR (CDCl3, 75.5MHz): δ 160.7 (N(C=O)N glycoluril), 157.4 
(PyC2), 150.9 (ipso-C of Ar side walls), 149.1 (PyC6), 136.0 (PyC4), 134.2/128.8/128.4 (Ar glycoluril), 123.3 
(PyC5), 121.0 (PyC3), 114 (Ar side walls), 85.0 (N2CPh-CPh, glycoluril), 69.7/69.3/69.0 (CH2O) 
55.8/53.7/53.5 (CH2N), 36.9 (NCH2Ar glycoluril), 36.1 (PyCH2), 25.2 (NCH2(CH2)2CH2N). MS-FAB m/z 
1438.78 (M+H)+. Anal. for C84H102N12O10: C 78.97, H 8.04, N 12.99 (calc. C 78.84, H 8.03, N 13.13). 
 
Cu(I)2 complex of receptor 1 (1a)  
This complex was either prepared in situ or via precipitation; the 
product obtained was the same for both methods. A magnetic 
stirring bar, 10.8 mg (7.5 mMol) of 1 and 4.9 mg (2 equiv.) of 
[Cu(I)(CH3CN)4](ClO4) were transferred to an Schlenk flask. Five 
cycles of evacuation and filling with pre-dried nitrogen were 
applied. In a separate flask 15 mL of distilled dichloromethane (or 
acetone) was collected under nitrogen and transferred to the 
solids under nitrogen. The resulting yellow solution was stirred for 10 min. until the solids were dissolved. 
This in situ prepared solution was used directly for spectroscopy, while for other purposes the product was 
obtained as a solid via precipitation. The solution was concentrated under reduced pressure to ca. 1 mL 
and under argon diethyl ether (distilled and collected under nitrogen) was slowly layered on top of the 
dichloromethane. This solvent system was allowed to equilibrate over night in the freezer. The yellow 
precipitate was collected via decantation.  
1H-NMR (CDCl3, 500 MHz): δ 8.57 (m, 4H; PyC6H), 7.77 (m, 4H; PyC4H), 7.26 (m, 8H; PyC3H + 
PyC5H), 7.04 (m, 10H; ArH glycoluril), 6.56 (s, 4H; ArH side wall), 5.52 (4H; J=15.6 Hz; NCHHAr out), 
3.98 (m, 4H; ArOCHH out), 3.8-3.74 (m, 4H ArOCHH in + 16 H CH2O) 3.64 (d, 4H; J=16.5 Hz, 
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NCHHAr in), 2.97 (s, 8H; PY2CH2CH2N), 2.89 (s, 8H; PY2CH2CH2N), 2.72 (s, 8H; NCH2CH2O), 2.59 
(4H; PY2NCH2CH2CH2) 2.50 (4H; ONCH2CH2CH2), 1.49 (8H; NCH2(CH2)2CH2N). Anal. for 
C84H102N12O18Cl2Cu2 ⋅(0.5CH2Cl2): C 56.14, H 5.70, N 9.28 (calc. C 56.13, H 5.74, N 9.29). 
 
8,25-Di[(6-{methyl-N,N-di(2-pyridylmethyl)amine}-2-pyridyl)methyl]-36,37-diphenyl-2,5,11,14,19,22,28, 31-octaoxa-
8,25,35,38,43,45-hexaazaoctacyclo-[30.15.2.135,38.015,41.018,40.033,47.036,45.037,43]-pentaconta-1(47), 15,17,32,40,48-
hexaene-44,50-dione (2) 
To a solution of 50 mg (0.07 mMol) of 8 in 10 mL of acetonitrile was 
added 45 mg (2.2 equiv.) of 6-TPA-Cl (11), 285 mg (40 equiv.) of Na2CO3 
and 400 mg (40 equiv.) of NaI. The resulting suspension was refluxed for 
120 hrs. After cooling to room temperature the reaction mixture was 
concentrated in vacuo and redissolved in dichloromethane (200mL). The 
organic layer was washed twice with water and once with saturated 
aqueous Na2HCO3. The organic layer was dried over Na2SO4 instead of 
MgSO4, since magnesium ions will irreversibly coordinate to TPA. After concentration the residue was 
redissolved in 2 mL of chloroform and added dropwise to distilled n-hexane while stirring. The product 
precipitated as a light yellow solid and was obtained in pure form after column chromatography on 
activated alumina (activity III) (eluent: 2 % MeOH in CH2Cl2) with a yield of 60 %. 
M.p. 86 °C; IR (KBr pellet): ν 1709 and 1572 (C=O) cm-1; 1H-NMR (CDCl3, 500 MHz): δ 8.53 (d, 4H; 
orthoJ=4.7 Hz, PyC6H), 7.66-7.58 (m, 10H; PyC4/4’/3H), 7.50-7.42 (m, 2H; PyC3’H), 7.13-7.10 (m, 10H; 
PyC5/5’H + ArH glycoluril), 6.65 (s, 4H; ArH side walls), 5.67 (d, 4H; J=16.0 Hz, NCHHAr out), 3.96-3.93 
(m, 4H; ArOCHH out), 3.90-3.75 (m, 4H ArOCHH in + 16 H CH2O +12 H PyCH2N), 3.72 (d, 4H; orthoJ= 
16.4 Hz, NCHHAr in), 2.95 (m, 8H; NCH2CH2). 13C-NMR (CDCl3, 75.5MHz): δ 159.5 (N(C=O)N 
glycoluril), 150.8 (Ar glycoluril), 149.0 (PyC6), 136.8-136.4 (PyC3/3’), 128.5-127.1 (Ar glycoluril), 122.9 
(PyC4), 122.0 (PyC5/5’), 121.2 (PyC4’), 120.8/113.9 (Ar side walls),70.1-69.4 (CH2O), 61.5-60.2 (CH2Py), 
54.1 (CH2CH2N), 37.0 (NCH2 Ar glycoluril). MS-FAB m/z 1480.0 (M+2H)+. No satisfactory elemental 
analysis could be obtained. However, a satisfactory high-resolution mass spectrum was obtained. HR-MS 
(MH+): Calcd. For C86H93N14O10: 1481.71991; Found: 1481.72082 (-0.61 ppm). 
 
Cu(I)2-complex of receptor 2 (2a) 
This complex was either prepared in situ or via precipitation; the 
product obtained was the same for both methods. A magnetic 
stirring bar, 11.1 mg (7.5 mMol) of 2 and 4.9 mg (2 equiv.) of 
[Cu(I)(CH3CN)4](ClO4) were transferred to a Schlenk flask. Five 
cycles of evacuating and filling with pre-dried nitrogen were 
applied. In a separate flask 15 mL of distilled dichloromethane (or 
acetone) was collected under nitrogen and transferred to the solids 
under nitrogen. The resulting yellow solution was stirred for 10 
min. until the solids were dissolved. This in situ prepared solution was used directly for spectroscopy, while 
for other purposes the product was obtained as a solid via precipitation. The solution was concentrated 
under reduced pressure to ca. 1 mL and under argon diethyl ether (distilled and collected under nitrogen) 
was slowly layered on top of the dichloromethane. This solvent system was allowed to equilibrate over 
night in the freezer. The yellow precipitate was collected via decantation.  
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1H-NMR (CD2Cl2, 500 MHz): δ 8.62 (m, 4H; PyC6H), 7.70 (m, 4H; PyC4’H), 7.61 (m, 42H; PyC4H), 7.24 
(m, 8H; PyC3H + PyC3’H), 7.13 (m, 10H; ArH glycoluril), 6.99 (m, 4H; PyC5H), 6.12 (s, 4H; ArH side 
wall), 5.67 (4H; J=16 Hz; NCHHAr out), 4.21 (m, 4H; ArOCHH out), 4.10-3.70 (m, 4H ArOCHH in + 16 
H CH2O + 12H PyCH2) 3.75 (d, 4H; J=16 Hz, NCHHAr in), 3.41-3.30 (br, 8H; CH2N).  
 
1,4,8,11-Tetra[2-(2-chloroethoxy)ethoxy]-13b,13c-diphenyl-5,7,12,13b,13c,14-hexahydro-5a,6a,12a,13a-
tetraazabenzo[5,6]azuleno[2,1,8-ija]benzo[f]azulene-6,13-dione (3) 
This compound was prepared according to the literature procedure.29 
 
 
 
 
tert-Butyl N-(4-aminobutyl)carbamate (4) 
This compound was prepared according to the literature procedure.   
 
 
8,25-Di(tert-butyl-N-(4-aminobutyl)carbamate)-36,37-diphenyl-2,5,11,14,19,22,28,31-octaoxa-8,25,35,38,43,45-hexa-
azaoctacyclo[30.15.2.135,38.015,41.018,40.033,47.036,45.037,43]pentaconta-1(47),15,17,32,40,48-hexaene-44,50-dione (5) 
A solution of 380 mg (0.38 mMol) of 3 in 100 mL of freshly distilled and 
degassed acetonitrile was prepared. To this solution were added 4.1 g of 
NaI (28.2 mMol) and 1.6 g of Na2CO3 (15.1 mMol). One equiv. 
(71.5 mg) of 4 was added to this white suspension and the reaction 
mixture was refluxed for 16 hrs. A solution of 2 equiv. of 4 (143 mg) in 
6 mL acetonitrile was slowly added to the solution over the next 36 hrs. 
The resulting suspension was refluxed for 96 hrs. The acetonitrile was removed under reduced pressure 
and the residue was redissolved in 500 mL of chloroform. The organic solution was washed twice with 
water (500 mL), once with NaHCO3 (sat. 500 mL), and once again with water (500 mL). The organic layer 
was evaporated under reduced pressure and the product redissolved in 2 mL of distilled chloroform. The 
resulting solution was added dropwise to 50 mL of distilled n-hexane while stirring. The white precipitate 
was collected via filtration and purified via column chromatography on silica with MeOH/Et3N/CHCl3 
(10:1:89 v/v) as the eluent. The product (Rf 0.2) was obtained as a white solid in a yield of 60%. 
M.p. 184°C; IR (KBr pellet): ν 3373 (b, NH), 2927 (b, CH), 1713 (C=O), 1170-1135 (C-O), 1068 (C-N) 
cm-1; 1H-NMR (CDCl3, 300 MHz): δ 7.09 (m, 10H, ArH glycoluril), 6.71 (s, 4H, ArH side walls), 5.65 (d, 
4H, J= 16.1 Hz, NCHHAr out), 4.90 (b, 2H, NHC=O Boc-group), 4.20-4.13 (m, 8H, ArOCH2), 3.99-3.78 
(m, 16H, CH2O), 3.71 (d, 4H, J= 16.1 Hz, NCHHAr in), 3.14 (m, 4H, Boc-HNCH2), 2.88 (m, 8H, O-
CH2CH2N), 2.62 (m, 4H, Boc-HN(CH2)3CH2N), 1.68 (m, 8H, NCH2(CH2)2CH2N), 1.45 (s, 18H, 
C(CH3)3). 13C-NMR (CDCl3, 75.5 MHz): δ 157.3 (NH(C=O)), 156.0 (N(C=O)N glycoluril), 150.0 (Ar 
glycoluril), 134.2/128.9/128.4/113.9 (Ar side walls + Ar glycoluril), 85.0 (N2CPh-CPh), 78.9 (NCH2Ar), 
70.2 (CH2NHC=O), 69.6/69.4 (CH2O) 55.4/53.7/40.4 (CH2N), 37.0 (C(CH3)3), 28.5 
(NCH2(CH2)2CH2N), 27.9 (CH3). MS m/z 1219 (M+H)+. Anal. for C64H90N8O14: C 79.98, H 8.98, N 
11.03 (calc. C 79.62, H 9.11, N 11.26). 
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8,25-Di(4-aminobutyl)-36,37-diphenyl-2,5,11,14,19,22,28,31-octaoxa-8,25,35,38,43,45-hexa-azaoctacyclo-
[30.15.2.135,38.015,41.018,40.033,47.036,45.037,43]pentaconta-1(47),15,17,32,40,48-hexaene-44,50-dione (6) 
A solution of 860 mg (0.71 mMol) of 5 in 5 mL of dichloromethane was 
slowly added to a mixture of 10 mL of TFA and 5 mL of dichloromethane 
at 0°C. The solution was stirred for 1 h at 0°C after which 250 mL of 
dichloromethane was added. The organic solution was washed twice with 
NaOH (250 mL) and concentrated in vacuo. The residue was redissolved in 
2 mL of distilled chloroform and added dropwise to distilled n-hexane while stirring. The white precipitate 
was collected via filtration and obtained in a yield of 90%.  
M.p. dec. >210°C; IR (KBr pellet): ν 3434(NH), 2931(CH), 1700/1692(C=O) cm-1; 1H-NMR 
(MeOH/CDCl3, 400 MHz): δ 7.15 (s, 10H, ArH glycoluril), 6.84 (s, 4H, ArH side walls), 5.48 (d, 4H, J= 
15.7 Hz, NCHHAr out), 4.32-4.30 (m, 8H, ArOCH2), 4.03-3.74 (m, 16H, CH2O + 4H, NCHHAr in), 
2.83-2.82 (m, 4H, NH2CH2 + 8H OCH2CH2N), 2.62 (m, 4H, NH2(CH2)3CH2N), 1.68 (m, 8H, 
NCH2(CH2)2CH2N); 13C-NMR (MeOH/CDCl3, 75.5 MHz): δ 157.3 (N(C=O) glycoluril), 150.5 (Ar 
glycoluril), 133.2/128.7/128.0/114.7 (Ar side walls + Ar glycoluril), 85.5 (N2CPh-CPh), 78.9 (NCH2Ar), 
70.0/69.8/68.6 (CH2N), 54.9/54.1 (CH2O), 40.0/37.0 (NCH2(CH2)2CH2N); MS m/z 1019 (M+H)+.  
 
8,25-Dibenzyl-36,37-diphenyl-2,5,11,14,19,22,28,31-octaoxa-8,25,35,38,43,45-hexaazaoctacyclo 
[30.15.2.135,38.015,41.018,40.033,47.036,45.037,43]pentaconta-1(47),15,17,32,40,48-hexaene-44,50-dione (7) 
This compound was prepared according to the literature procedure.31 
 
 
 
 
36,37-Diphenyl-2,5,11,14,19,22,28,31-octaoxa-8,25,35,38,43,45-hexaazaoctacyclo-[30.15.2.135,38.015,41.-
018,40.033,47.036,45.037,43]pentaconta-1(47),15,17,32,40,48-hexaene-44,50-dione (8) 
This compound was prepared according to a modified literature 
procedure.  
Compound 7 (1.5 g, 1.4 mMol) was dissolved in 25 mL of acetic acid. To 
this solution was added a large excess of palladium hydroxide on carbon 
(~1 g). The resulting black suspension was transferred to an autoclave 
and stirred for 72 hrs at 55 °C under 20 bars of hydrogen. The reaction mixture was filtered over Celite 
and the resulting yellow solution was concentrated. The solvent was evaporated twice with toluene 
(100 mL) to remove acetic acid. The residue was dissolved in 2 mL of distilled chloroform and added 
dropwise to distilled n-hexane while stirring. The white precipitate was obtained in a yield of 70 %. 
Characterization was consistent with the data in reference 33. 
 
2,6-Di(chloromethyl)pyridine.HCl (9) 
A flask containing 0.99 g (7.1 mMol) of [6-(hydroxymethyl)-2-pyridyl]methanol was 
cooled in ice to 0°C. By means of an addition funnel 15 mL of thionyl chloride was 
added over a period of 1 h. After warming up to room temperature the reaction 
mixture was heated to reflux for 4 hrs. After cooling to room temperature 10 mL of 
toluene was slowly added in order to precipitate the product. After vacuum filtration the product was 
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washed at least 4 times with toluene to remove excess of thionyl chloride. Finally, the product was 
obtained as a white solid. The product was not characterized but used directly in the next reaction to 
obtain 10. 
 
2,6-Di(chloromethyl)py
hexaene-44,50-dione (12) 
ridine (10) 
The hydrochloric acid salt 9 was dissolved in 200 mL of water and solid NaHCO3 was 
added slowly until a pH of 7 was reached. The product precipitated out and was 
filtrated and washed repeatedly with water. The product was recrystallized from 
petroleum ether (40-64°C) and the pure product was obtained as colourless needles in 
a yield of 53% for the last two steps. 
M.p. 71°C; IR (KBr pellet): ν 3020, 2980, 1600, 1570, 1470 (Pyr) cm-1; 1H-NMR (CDCl3, 200MHz): δ 
7.81-7.73 (t, 1H; Py-CH4, orthoJ=7.9Hz), 7.46-7.26 (d, 2H; Py-CH3,5, orthoJ=7.5Hz), 4.67 (s, 4H; Py-CH2Cl). 
13C-NMR (CDCl3, 50.3 MHz): δ 156 (PyC2,6H), 138 (PyC4H), 122 (PyC3,5H) 46 (PyCH2Cl); MS m/z 175 
(M+H)+. Anal. Calcd for C7H7NCl2: C: 47.73; H: 3.73; N: 7.81; (Calc. C: 47.76; H: 4.01; N: 7.96). 
 
N-{[6-(Chloromethyl)-2-pyridyl]methyl}-N,N-di(2-pyridylmethyl)amine  (11) 
A solution of 0.41 g (2.1 mMol) of N,N-di(2-pyridylmethyl)amine (picolyl 
amine), 0.36 g (1 equiv.) of 10 and 1 g of diisopropylethylamine 
(DIPEA)(3.7 equiv.) in 10 mL of distilled THF was transferred to a pressure 
vessel. After stirring under exclusion of air for one week a precipitate of DIPEA-
HCl was formed. After decanting and evaporation the crude product was 
obtained as a brown oil. Column chromatography (neutral alumina 90, Activation 
III) with a gradient eluent of EtOAc:hexane (55:45 to 45:55 v/v) provided the product as white solid in a 
yield of 40%.  
M.p. 98°C; IR (KBr pellet): ν 3500/3400 (N-H), 1591/1436 (Pyr); 1H-NMR (CDCl3, 200MHz): δ 8.54 (d, 
2H; orthoJ=4.9 Hz, metaJ=1.0 Hz, PyC6H), 7.69 (d, 1H; J=7.8 Hz, PyC4’H), 7.66 (dd, 2H; orthoJ=7.5 Hz, 
metaJ=1.2 Hz, PyC4H), 7.58 (d, 2H; J=7.6 Hz, PyC3H), 7.54 (d, 1H; J=7.6 Hz, PyC3’H), 7.33 (d, 1H; 7.6 Hz, 
PyC5’H), 7.15 (dd, 2H; J=6.0 Hz, PyC5H), 4.65 (s, 2H, PyCH2-Cl) 3.90 (s, 6H; PyCH2-N). Anal. Calcd for 
C19H19N4Cl: C: 67.40; H: 5.50; N: 16.12; (Calc. C: 67.35; H: 5.65; N: 16.54). 
 
8,25-Di[(5-{methyl-N,N-di(2-pyridylmethyl)amine]-2-pyridyl)methyl]-36,37-diphenyl-2,5,11,14,19,22,28,31-octaoxa-
8,25,35,38,43,45-hexaazaoctacyclo-[30.15.2.135,38.015,41.018,40.033,47.036,45.037,43]-pentaconta-1(47),15,17,32,40,48-
To a solution of approx. 145 mg (0.43 mMol) of 16, 750 mg (20 equiv.) of 
NaCO3 and 1 g (20 equiv.) of NaI in 20 mL of acetonitrile was added 
125 mg (1/3 equiv.) of 8. The resulting suspension was heated to reflux 
for 120 hrs. After cooling of the reaction mixture the solvent was 
evaporated and the residue was dissolved in dichloromethane (200 mL). 
The organic layer was washed twice with water and once with saturated 
aqueous NaHCO3, dried over Na2SO4 (magnesium will irreversibly 
coordinate to TPA) and evaporated in vacuo. The residue was dissolved in 2 
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mL of chloroform and added dropwise to about 25 mL of distilled hexane while stirring. The product 
precipitated as a beige solid. It decomposed during an attempt to purify it by column chromatography on 
activated alumina (Act. III, eluent: 2% MeOH in CH2Cl2).  
 
Methyl 5-(bromomethyl)nicotinate (13) 
This compound was prepared following a literature procedure.47
 
 
 
Methyl 6-{[di(2-pyridylmethyl)amino]methyl}nicotinate (14) 
A solution of 156 mg (0.8 mMol) of N,N-di(2-pyridymethyl)amine, 185 mg 
(1 equiv.) of 13 and 130 mg of diisopropylethylamine (DIPEA)(3.7 equiv.) in 
10 mL of dry THF was transferred to a pressure vessel. After stirring under 
exclusion of air for one week a precipitate of DIPEA-HCl was formed. After 
decanting and evaporation the crude products was obtained as a brown oil. 
After two crystallizations from petroleum ether 40/65 (v/v) the product was 
isolated as a white solid in a yield of 18 % (this low yield is probably due to the 
h was necessary to remove impurities). second crystallization, whic
1H-NMR (CDCl3, 200MHz): δ 9.16 (d, 1H; paraJ=0.5Hz, PyC6’H), 8.64 (br d, 2H; orthoJ=4.8Hz, PyC6H), 
8.19-8.14 (dd, 1H; orthoJ=7.9Hz, metaJ=2.2Hz, PyC4’H), 7.79-7.70 (dt, 2H; orthoJ=7.5Hz, PyC5H), 7.63 (d, 
1H; orthoJ=9.4Hz, PyC3’H), 7.54 (d, 2H; orthoJ=8.0Hz, PyC3H), 7.28-7.2 (dt, 2H; orthoJ=8.0Hz, metaJ=1.3Hz, 
PyC4H), 4.04 (s, 4H; NCH2Py), 3.96 (s, 2H; NCH2Py’). 
 
(6-[Di(2-pyridylmethyl)amino]methyl-3-pyridyl)methanol (15) 
Argon was led through a solution of 150 mg (0.43 mMol) of 14 in 10 mL of dry, 
freshly distilled diethyl ether for 20 min. A solution of 29 mg of LiAlH4 
(1.8 equiv.) in 3 mL of dry, freshly distilled diethyl ether was prepared and added 
drop wise under an argon atmosphere at 0 °C to the solution of 14. The resulting 
mixture was stirred over night at room temperature after which it was cooled 
again to 0 °C. Subsequently, 1 mL of water, 1 mL of 10 % NaOH and 1 mL of 
water were added drop wise. The resulting mixture was stirred at room temperature for 1 hour after which 
it was extracted with ether. The mixture was filtrated over a plug of Celite and washed with 25 mL of 
diethyl ether. The resulting ether layer was dried over NaSO4 and evaporated in vacuo to yield a yellow oil. 
Due to the instability of the product it was used directly without further purification in the following step. 
1H-NMR (CDCl3, 300MHz): δ 8.53 (d, 1H; orthoJ=6.6 Hz, PyC6H), 7.69-7.56 (m, 4H, Py-H), 7.17-7.14 (m, 
2H; Py-H), 4.70 (s, 2H; CH2OH), 3.88 (s, 2H; NCH2PyCH2OH), 3.74 (s, 4H; NCH2Py). 
 
N,N-Di(2-pyridylmethyl)-[5-(chloromethyl)-2-pyridyl]methanamine (16)  
A solution of 15, prepared as described above, approx. 0.43 mMol, in 5 mL of 
chloroform was added drop wise at 0° C to a solution of 256 mg of SOCl2 
(5 equiv.) in 10 mL of chloroform. The resulting mixture was stirred over night at 
room temperature and evaporated in vacuo to give a greenish foam. The product 
was dissolved in 5 mL of THF and 600 mg of DIPEA was added under argon at 
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0 °C. The resulting mixture was stirred for 3 hrs at room temperature, filtrated over a plug of Celite and 
washed with 25 mL of THF. The resulting solution was evaporated in vacuo to yield the above compound 
as a brown oil that slowly crystallizes upon standing. The product was used directly in the following 
reaction (to prepare 12) without further purification because of the good NMR spectrum.  
1H-NMR (CDCl3, 200MHz): δ 8.53 (d, 1H; orthoJ=6.6 Hz, PyC6H), 7.69-7.57 (m, 4H, Py-H), 7.16-7.13 (m, 
2H; Py-H), 4.57 (s, 2H; CH2Cl), 3.88-3.85 (s, 4H; NCH2Py). 
 
8,25-Di(2-di[2-(2-pyridyl)ethyl]aminoethyl)-36,37-diphenyl-2,5,11,14,19,22,28,31-octaoxa-8,25,35,38,43,45-
hexaazaoctacyclo[30.15.2.135,38.015,41.018,40.033,47.036,45.037,43]pentaconta-1(47),15,17,32,40,48-hexaene-44,50-dione(17) 
A solution of 135 mg (0.14 mMol) of 20 in a few mL of a 1:1 solvent 
mixture of MeOH and CH2Cl2 was prepared. To this were added 115 mg of 
2-vinylpyridine (1.1 mMol, 8 equiv.) and 35 mg of acetic acid (0.55 mMol, 
4 equiv.). The yellow solution was transferred to a 7.5 mL Teflon high 
pressure vessel and a few grains of radical trap (5 (tert-butyl)-2-[4-(tert-butyl)-
2-hydroxy-5-methylphenyl]sulfanyl-4-methylphenol) were added. The vessel 
was completely filled with the solvent mixture and the cap was tightly 
screwed. This vessel was placed in a special high-pressure apparatus and kept at 15 kbar and 50 °C for 
16 hrs. The orange solution was evaporated at room temperature to yield a yellow-brown oil. The 
compound decomposed during column chromatography on activated alumina (III) (eluent: 2% MeOH in 
CH2Cl2).  
 
tert-Butyl N-(2-aminoethyl)carbamate (18) 
This compound was prepared according to the literature procedure. 48
 
 
 
8,25-Di(tert-butyl-N-(2-aminoethyl)carbamate)-36,37-diphenyl-2,5,11,14,19,22,28,31-octaoxa-8,25,35,38,43,45-hexa-
azaoctacyclo[30.15.2.135,38.015,41.018,40.033,47.036,45.037,43]pentaconta-(47),15,17,32,40,48-hexaene-44,50-dione (19) 
To a solution of 2 g (2.02 mMol) of tetrapodand 3 in 500 mL of freshly 
distilled and degassed acetonitrile was added 20 g of NaI (134 mMol) 
and 6.5 g of Na2CO3 (61 mMol). One equiv. (323 mg) of 18 was added 
to this white suspension and the reaction mixture was refluxed for 
16 hrs. A solution of 2 equiv. of 18 (646 mg) in 6 mL acetonitrile was 
slowly added to the solution over the next 36 hrs. The resulting 
suspension was refluxed for another four days. The acetonitrile was removed under reduced pressure and 
the residue was redissolved in 500 mL of chloroform. This was extracted twice with water (500 mL), 
washed with saturated aqueous NaHCO3 (500 mL) and water (500 mL). The organic layer was evaporated 
under reduced pressure and the product was redissolved in 2 mL of distilled chloroform. This solution 
was added dropwise to 50 mL of distilled hexane while stirring. The white precipitate that was formed was 
filtrated of and dried. The product was obtained as a white solid in 52% yield after column 
chromatography on silica (eluent: 10 % MeOH and 1 % Et3N in CHCl3). 
M.p. 207°C; IR (KBr pellet): ν 3365 (b, NH), 2929/2871 (b, CH), 1712 (C=O); 1H-NMR (CDCl3, 
200MHz): δ 7.08 (m, 10H, ArH glycoluril), 6.70 (s, 4H, ArH side wall), 5.76 (b, 2H, NHC=O Boc group), 
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5.64 (d, 4H, J= 16.0 Hz, NCHHAr out), 4.16-4.07 (m, 8H, ArOCH2), 4.00-3.66 (m, 16H CH2O +4H 
NCHHAr in), 3.21-3.19 (m, 4H, Boc-HNCH2), 2.89-2.83 (m, 8H, O-CH2CH2N), 2.72-2.67 (m, 4H, Boc-
HNCH2CH2N), 1.39 (s, 18H, C(CH3)3); 13C-NMR (CDCl3, 50.3 MHz): δ 157.5 (NH(C=O)), 156.6 
(N(C=O)N glycoluril), 150.7 (Ar glycoluril), 134.0/128.5/113.8 (Ar side walls + Ar glycoluril), 85.0 (CPh-
CPh), 78.6 (NCH2Ar), 70.0 (CH2NHC=O), 69.6/69.3 (CH2O) 54.3/53.9 (CH2N), 36.9 (C(CH3)3), 28.4 
(CH3). MS m/z 1186 (M +Na)+. Anal. for C62H82N8O14: calc. C 79.28, H 8.79, N 11.93; found C 79.34, H 
8.71, N 11.95.  
 
8,25-Di(2-aminoethyl)-36,37-diphenyl-2,5,11,14,19,22,28,31-octaoxa-8,25,35,38,43,45-hexaazaoctacyclo-
[30.15.2.135,38.015,41.018,40.033,47.036,45.037,43]pentaconta-1(47),15,17,32,40,48-hexaene-44,50-dione (20) 
A solution of 120 mg (0.10 mMol) of 19 was dissolved in 5 mL of 
dichloromethane. A mixture of 10 mL of TFA and 5 mL of 
dichloromethane was cooled in ice to 0 °C. The solution of 19 was 
slowly added to the solvent mixture and the resulting solution was 
stirred for 1 h at 0 °C. After the reaction 250 mL of dichloromethane 
was added and the solution was extracted twice with NaOH (250 mL). 
The organic layer was evaporated under reduced pressure; the residue was redissolved in 2 mL of distilled 
chloroform and added drop wise to stirring distilled hexane. The white precipitated was filtered of and the 
product was obtained in a yield of 80 %.  
M.p. dec. >220°C; IR (KBr pellet): ν 3426(NH), 2923(CH), 1697(C=O); 1H-NMR (MeOH/CDCl3, 
200MHz): δ 7.16 (m, 10H, ArH glycoluril), 6.77 (s, 4H, ArH side wall), 5.46 (b, 1H, NH2), 5.48 (d, 4H, J= 
15.9 Hz, NCH2Ar out), 4.23-4.20 (m, 8H, ArOCH2), 3.97-3.73 (m, 16H CH2O + 4H NCH2Ar in), 2.96-
2.76 (m, 16H, NH2CH2); MS m/z 985 (M+Na)+.  
 
8,25-Di(2-di[2-(2-pyridyl)methyl]aminobutyl)-36,37-diphenyl-2,5,11,14,19,22,28,31-octaoxa-8,25,35,38,43,45-hexa-
azaoctacyclo[30.15.2.135,38.015,41.018,40.033,47.036,45.037,43]pentaconta-1(47),15,17, 32,40,48-hexaene-44,50-dione (21) 
Several routes to prepare this ligand were tested (vide supra). The product 
could, however, not be obtained. Experiment 1: reductive amination. To a 
solution of 50 mg (0.05 mMol) of 6 and 13.7 mg (2 equiv.) of methyl 
nicotinate in 10 mL of methanol, was added 5 mg (2 equiv.) of NaCN. The 
mixture was refluxed under argon for 72 h; TLC (2 % MeOH in CH2Cl2) 
showed no reaction products. Experiment 2: similar to route 1 with the use 
of a pressure vessel at 70 °C, again no product was obtained. Experiment 3: 
the same mixture as in exp. 1 was transferred to a Teflon vessel and was heated in a high-pressure 
apparatus under a pressure of 15 kbar and a temperature of 50 °C. A mixture of black products was 
formed, from which 21 could not be obtained. Experiment 4: a mixture of 50 mg (0.05 mMol) of 6, 
32.5 mg (4 equiv.) of the HCl salt of 2-(chloromethyl)pyridine, 17 mg of NaOH (8.5 equiv.) in 0.3 mL of 
H2O and 0.3 mL of THF was reacted according to a literature procedure. 35 The desired compound was 
not detected in the reaction mixture, therefore, the deprotection and the coupling of the desired 
compound to compound 3 in order to obtain 21 could not be carried out. Experiment 5: a mixture of 188 
mg (1 mMol) of 4, 650 mg (4 equiv.) of the HCl salt of 2-(chloromethyl)pyridine, 320 mg of NaOH (8 
equiv.) in 5 mL of H2O and 5 mL of THF was reacted according to a literature procedure.  A reaction 
product was formed (established by TLC) but could not be isolated; the next steps in this route, being the 
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deprotection and the attachment of the resulting metal binding unit to 3, could not be carried our. 
Experiment 6: a mixture of 100 mg of picolylamine (0.5 mMol), 1.07 g (10 equiv.) of 1,4-dibromobutane, 
and 0.65 g (10 equiv.) of DIPEA in 15 mL of THF was stirred at RT under argon during 5 days. A white 
precipitate was formed (DIPEA-HBr) and was filtrated. TLC on alumina (eluent: 1:1 hexane/ethylacetate) 
showed that the product decomposed on the plate. Precipitation of the product from THF in heptane 
provided a milky solution. NMR showed protonation or quarternarisation, hence the following steps in 
the synthesis of 21 could not be carried out. Experiment 7: a mixture of 100 mg of picolylamine 
(0.5 mMol), 70 mg (1 equiv.) of 3-bromopropane, and 50 mg (1 equiv.) of Et3N in 5 mL of ethanol was 
stirred at RT under argon during 10 days. A orange solution was obtained and TLC showed the formation 
of a new product, which could not be purified. The next steps to obtain compound 21 could not be 
carried out. Experiment 8: reduction of 22 to the alcohol for subsequent bromination and coupling to 8 
was tested. A solution of 100 mg (0.32 mg) of 22 in 10 mL of diethylether was added dropwise at 0 °C to 
a mixture of 22 mg of LiAlH4 (1.8 equiv.) in 10 mL of diethylether. After stirring for 3 days 1 mL of H2O, 
1 mL of 10 % NaOH, 1 mL of H2O were added subsequently. After stirring for an additional 1 h the 
mixture was filtered and the resulting solution was extracted with diethyl ether (2 x 5 mL) and evaporated. 
Reduction was not complete. Therefore, the following reactions steps to afford 21 could not be carried 
out. 
 
Ethyl 4-[di(2-pyridylmethyl)amino]butanoate (22)  
A solution of picolylamine (bis-(2-methylpyridine)amine) (500 mg, 2.5 mMol), ethyl-
3-bromo-butanoate (485 mg, 1 equiv.) and diisopropylethylamine (320 mg, 1 equiv.) 
in 15 mL of dry THF was transferred to a pressure vessel and stirred for 72 hrs. A 
precipitate of DIPEA⋅HCl was formed which was removed by filtration. The filtrate 
was concentrated in vacuo and purified with flash chromatography on activated 
alumina (activation III) (eluent: EtOAc/hexane/Et3N 10:4:1 v/v/v). The product (Rf 0.45) was obtained 
in pure form in a poor yield of 12%.  
1H-NMR (CDCl3, 400MHz): δ 8.20 (d, 2H, J=4.2 Hz, PyH), 7.66-7.62 (m, 2H, PyH), 7.53 (d, 2 H, J= 7.7 
Hz PyH), 7.18-7.14 (m, 2H, PyH), 4.07 (q, 4H, J= 7.9 Hz, COOCH2CH3), 3.8 (s, 4H, PyCH2N), 2.58 (t, 
2H, J=7.2 Hz, NCH2CH2CH2COO), 2.32 (t, 2 H, J=7.5 Hz, NCH2CH2CH2COO), 1.90-1.86 (m, 2H, 
NCH2CH2CH2COO), 1.21 (t, 3 H, J= 7.2 Hz, COOCH2CH3). 
 
NMR titration experiments 
NMR titrations were carried out on a Bruker DRX 500 instrument at 298 K. The Cu(I) containing 
solutions were prepared in a glove box under nitrogen atmosphere, because of the air sensitivity of these 
complexes. For the titration of Cu(I) to receptor 1 two solutions were prepared: A) 2.95 mg of 1 in 2 mL 
of CD2Cl2 (1.03 mM), and B) 2.95 mg of 1 and 2.05 mg of [Cu(I)(CH3CN)4](ClO4) in 2 mL of CD2Cl2 
(1.03 and 3.13 mM resp.). Four NMR tubes were prepared with 0.6/0.4/0.2/0.0 mL of A and 
0.0/0.2/0.4/0.6 mL of B, affording samples with 0/1.01/2.03/3.04 equiv. of Cu(I), respectively.  
For the titration of Cu(I) to receptor 2, two solutions were prepared in oxygen free and dry CH2Cl2, A) 1.0 
mM of 2; B) 2 mM [Cu(I)(CH3CN)4](ClO4). These two solutions were mixed under argon in the desired 
ratios by use of syringes and the resulting solutions of Cu(I) complexes of 2 were stirred for 5 min and 
concentrated in vacuo outside the glove-box. The dry residues were transported back into the glove-box 
and redissolved in CD2Cl2 after which the NMR-tubes where filled. The NMR tube for the NOESY and 
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ROESY experiment was sealed under vacuum by melting to prevent oxidation by air during the 
experiments. The NOESY mixing times used in the experiments were 50 ms and 200 ms, the ROESY 
mixing time used was 300 ms. The relaxation delay in all experiments was 1.5 s.  
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Chapter 4   
 
UV-Vis and XAS Studies of Copper(I) 
Complexes of Receptors 1 and 2 and their 
Dioxygen Adducts   
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
 The copper(I) complexes of PY2-appended receptor 1 and TPA-appended 
receptor 2, described in Chapter 3, and their dioxygen adducts were studied with low 
temperature UV-Vis spectroscopy and X-ray absorption spectroscopy (XAS). The 
copper(I) complex of 1, [1⋅Cu(I)2] or 1a, forms a µ-η2:η2 dioxygen complex, whereas the 
copper(I) complex of 2, [2⋅Cu(I)2] or 2a, does not form a well defined dioxygen complex, 
but is oxidized to Cu(II). Dioxygen is bound irreversibly to 1a and the formed complex is 
stable in time. The coordination geometry of the above complexes has been studied by 
XAS, which revealed that pyridyl groups and amine N-donors participate in the 
coordination to Cu(I) ions in the complexes of both receptors. 
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4.1 Introduction  
 
 In Nature various copper proteins exist that are able to interact with dioxygen. 
They carry out their intended functions by either binding molecular oxygen alone or in 
combination with activation at the copper site in the protein. An example of a copper 
protein is hemocyanin, the oxygen transporting protein of arthropods and molluscs. 
Hemocyanin binds molecular oxygen between two copper ions that are each coordinated 
by a set of three histidine-derived imidazole ligands (Figure 4-1A).1,2,3 A related enzyme, 
tyrosinase, is responsible for pigmentation in plants and animals and exhibits both 
binding and activation of dioxygen. Even though no crystal structure has been obtained 
so far, the active site of tyrosinase is assumed to be similar to that of hemocyanin on the 
basis of similar spectroscopic characteristics.4,5,6 The crystal structure of the enzyme 
catechol oxidase has however been elucidated and is depicted in Figure 4-1B. A more 
detailed discussion of hemocyanin, tyrosinase, catechol oxidase and other related enzymes 
is presented in Chapter 1 in addition to structural as well as functional mimics of these 
enzymes.  
 Crystallography, UV-Vis spectroscopy, and X-ray absorption spectroscopy have 
been reported in the literature as being useful techniques to obtain structural information 
about deoxygenated Cu(I) complexes (deoxy) and their oxygenated counterparts (oxy), 
such as Cu2O2 complexes, in biological systems1-6,7,8,9 and in synthetic model 
systems.10,11,12,13,14 In contrast to most proteins found in Nature, the majority of the 
synthetic model systems only form stable dioxygen adducts at low temperatures (e.g. 
-80 °C). This lack of stability at room temperature complicates the physical 
characterization of the oxy complexes. 
 Supramolecular mimics of dinuclear copper proteins have been developed in our 
group using either Cu(II) or Cu(I) complexes of receptors based on molecular baskets. 
Examples are the receptors L7 and L8 that have been described in Chapter 1 
(Figure 1-6).15,16,17,18 
Figure 4-1. Structure of the metal site of copper dioxygen proteins. A) Schematic representation 
of the metal site of hemocyanin; B) X-ray picture of the metal site of catechol oxidase.19 
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Figure 4- 2. Structures of receptors 1 and 2 as well as expected structures of their Cu(I) complexes 
1a and 2a. 
 Recently two new mimics 1 and 2 (Figure 4-2) have been designed and these 
receptors as well as their copper(I) complexes 1a [1⋅Cu(I)2], and 2a [2⋅Cu(I)2] were 
synthesised and characterized by NMR spectroscopy (Chapter 3). The structures of 1a 
and 2a as depicted in Figure 4-2 are expected structures and are studied in this chapter 
and in Chapter 3. 
 In this chapter we describe the oxygenation activity of the deoxy complexes 1a and 
2a at low temperature. The spectroscopic characteristics of the starting deoxy complexes 
(1a and 2a) and the resulting oxy complexes (1b and 2b) have been measured and are 
discussed below. 
 
4.1.1 UV-Vis spectroscopy   
 
 UV-Vis spectroscopy is a valuable tool in the study of dioxygen binding to metal 
complexes, both naturally occurring and synthetic, since different types of dioxygen 
binding give rise to distinct absorption bands that can be easily differentiated (Figure 4-3). 
The ligand environment around copper (tri-coordination vs. tetra-coordination) is an 
essential factor determining the type of dioxygen coordination (Chapter 1, section 1.3). 
The most common types of dioxygen coordination to dinuclear copper centres as well as 
the characteristic UV-Vis absorption bands are presented in Figure 4-3.  
Figure 4-3. Structures and UV-Vis characteristics for copper dioxygen complexes with λmax (nm) 
and in parentheses the extinction coefficient ε (l⋅Mol-1⋅cm-1); A) planar µ-η2:η2 complex as 
observed in hemocyanin; B) bent µ-η2:η2 complex; C) bis-µ-oxo complex; D) trans-µ-1,2 peroxo 
complex. 
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Figure 4-4. Expected dioxygen binding of 1a and 2a. 
 An additional advantage of UV-Vis spectroscopy is that data collection is rapid, 
enabling the monitoring of dioxygen uptake and dioxygen coordination to copper in time. 
Since copper dioxygen complexes in model systems are usually only stable at low 
temperature (–80°C) (paragraph 1.3.4), several techniques, such as NMR and mass 
spectroscopy, are very difficult to use. UV-Vis spectroscopy in contrast is possible at 
these low temperatures.  
 A specialized set up has been designed to allow the collection of UV-Vis data 
under controlled argon or dioxygen atmosphere at -80°C. The design of this set up was 
described in detail in Chapter 2. It is expected that complexes 1a and 2a show different 
dioxygen binding to the Cu(I) ions (Figures 4-3 and 4-4): tridentate complex 1a is 
expected to form a µ-η2:η2 complex (Figure 4-3A or B), whereas tetradentate complex 2a 
is expected to form a trans-µ-1,2 peroxo complex (Figure 4-3D)20,21,22,23,24 
 
4.1.2 X-ray Absorption Spectroscopy  
 
 The structure of the complexes 1a and 2a together with their products of 
oxygenation (1b and 2b) were studied by two X-ray Absorption Spectroscopy (XAS) 
techniques corresponding to different ranges of the XAS spectrum: XANES (X-ray 
Absorption Near Edge Structure) and EXAFS (Extended X-ray Absorption Fine 
Structure). The basic principles of these techniques have been described in detail in 
Chapter 2. XANES is used to determine the valence state of the copper ion (I, II or III) 
and is therefore useful to determine if the oxidation of copper(I) is complete in 
1b and 2b.  
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Figure 4-5. Characteristic absorption edges of Cu(I)(solid line)25 and Cu(II)(dotted line)26 taken 
from Kau et al. 27 
 The absorption coefficient is plotted versus the photon energy and the valence of 
the copper complex is determined by the shape and position of the absorption edge. 
Cu(I) complexes have a characteristic pre-edge feature at a photon energy of 8984 eV 
(Figure 4-5, solid line), while Cu(II) edges do not show such a feature and are positioned 
at a higher energy of 8988 eV (Figure 4-5, dashed line).27 The EXAFS region on the other 
hand provides valuable information about the number and type of coordinating atoms 
around the copper ion.  
 
4.2 Results and discussion 
  
4.2.1 UV-Vis spectroscopy on receptor 1   
 
4.2.1.1 Oxygenation of 1a in acetone 
 Oxygenation of deoxy species 1a to oxy species 1b was studied using acetone as a 
solvent at a temperature of -80 °C (Figure 4-6 left). The absorption spectrum of 1a 
showed a small band at 340 nm (extinction coefficient of 6500 M-1cm-1) that is assigned to 
Pyr-to-Cu ligand-to-metal-charge-transfer (LMCT) (Figure 4-6 left, solid lilne). The 
extinction coefficient ε of the 340 nm band has been reported by Klein Gebbink for 
PY2-dendrimers28 and PY2-appended receptors,34 as being 3250 and 2500, respectively. A 
value of approximately 3250 M-1cm-1 per Cu atom was observed for 1a. Furthermore, no 
d-d transition band was visible in the absorption spectrum of 1a, indicating the presence 
of a d10 Cu(I)-species. 
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Figure 4-6. Absorption spectra of 1a in acetone at -80°C. Left) absorption spectra of 1a (solid line) 
and 1b (dashed lined); right) dioxygen uptake in time (1 scan/min) and (inset) enlarged d-d 
transition band.i 
 Upon oxygenation, the solution changes colour from light yellow to dark 
yellow/light brown and the absorption band at 340 nm disappeared since Cu(I) is 
oxidised to Cu(II). The most distinct spectral feature for the oxy species 1b was an 
absorption band at 364 nm (Figure 4-5 left, dashed line), which is similar to those 
described in the literature for other model complexes (Chapter 1).20 A broad band 
(d-d transition) with low absorption appeared around 530 nm (Figure 4-6 right, inset) and 
is attributed to the formation of a Cu(II) complex. 
  The oxygenation of 1a was studied in time and the results are shown in the right 
panel of Figure 4-6. During oxygenation the Cu(I) band decreased (340 nm), while two 
other bands were formed at 364 nm and 530 nm (inset) as indicated by the arrows.  
 In complex 1b and related complexes it is proposed that each copper ion donates 
one electron to the dioxygen ligand, making it a Cu(II) centre. A Cu(II)2(O22-) complex is 
formed in which each copper ion donates one electron to the dioxygen ligand and the 
O-O bond is weakened. The strong absorption at 364 nm arises from oxygen πσ* to 
Cu(II) charge transfer22 and the position of this band is characteristic for a side-on 
binding of dioxygen. We may conclude that 1b shows the expected dioxygen binding 
mode, namely µ-η2:η2 (Figure 4-4).  
 With this binding mode, the copper dioxygen core can be either flat (Figure 4-3A) 
with a dihedral angle of 180°, as observed in hemocyanin and the Kitajima’s model, 23,24 or 
bent (Figure 4-3B) with a dihedral angle smaller that 180°, as observed in many other 
model systems.18,20 From the UV-vis data for 1b it is difficult to decide whether a flat or a 
bent µ-η2:η2 complex is formed. A feature at 410-420 nm has also been ascribed to a bent 
                                                     
i The base lines of the spectra were adjusted by subtracting the values of the absorption at 650 nm from the spectra.  
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complex, but this can be misleading, since the bis-µ-oxo arrangement (Figure 4-3C) also 
exhibits absorption in this region. Additional data from for example EXAFS is needed to 
make a clear distinction between the different cores, as discussed in paragraph 4.2.3.  
 The molar extinction coefficients of the two absorption bands of complex 1b are 
15,150 l⋅M-1⋅cm-1 (364 nm) and 360 l⋅M-1⋅cm-1 (530 nm).i The extinction coefficient of the 
main absorption of hemocyanin is higher, but in the same order of magnitude, viz. 21,000 
(350 nm), 1000 (570 nm) and 200 (700 nm). This relatively low ε of the model complex in 
comparison with the biological system has been reported before in the literature.20 
 
4.2.1.2 Effect of solvent on dioxygen binding to 1a  
 It has been described in the literature that the binding of dioxygen to dinuclear 
copper complexes depends on the solvent used (Chapter 1). The preference of L55 for 
either bis-µ−oxo or µ-η2:η2 depends on the solvent; CH2Cl2 leads to bis-µ−oxo, while 
THF leads to a 1:1 mixture of bis-µ-oxo and µ-η2:η2.29 This is in contrast to what has been 
described for iso-propyl substituted TACNii ligands (L57, Figure 1-33), 30 where THF 
leads to bis-µ−oxo, while CH2Cl2 leads to µ-η2:η2.31,32,33 This shows that the conditions 
dictating the formation of either bis-µ-oxo or µ−η2:η2 are not clear yet. Because these 
cores can interconvert at low energetic expense, it is possible that all these structures are 
isomeric forms of one reactive form, which may not have been observed yet (See 
Chapter 1). Previously in our group the solvent dependence of the copper dioxygen 
complex of L8 (Figure 1-6) was studied. It was found that an extra shoulder is observed 
at 391 nm (ε 1800) in CH2Cl2 in contrast to the complex in acetone.34 For the rest no 
significant differences were observed for the dioxygen complex in dichloromethane and 
acetone.  
 Oxygenation of the deoxy species 1a to the oxy species 1b was not only studied in 
acetone, but also in CH2Cl2 and in a 7:3 (v/v) mixture of THF and acetonitrile. The 
complex was not soluble in pure THF. The solvent mixture was chosen because it might. 
provide information on the coordination ability of acetonitrile to the copper(I) ions. The 
spectra of 1a and 1b in these different solvents are depicted in Figure 4-7. The three 
spectra of 1a all showed a small band at 340 nm. The spectra of 1b in CH2Cl2 and acetone 
showed absorptions at 364 nm of 12,600 and 15,150 l⋅M-1⋅cm-1, respectively. The band at 
530 nm had a lower extinction coefficient in the case of CH2Cl2 than for acetone, viz. 210 
and 360 l⋅M-1⋅cm-1, respectively.  
 
                                                     
i As described for Figure 4-6, the base lines of the spectra were adjusted. The ε calculated before adjustment would 
amount to 16,000 (364 nm) and 3900 (530 nm). 
ii TACN: 1,4,7-triazacyclononane 
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Figure 4-7. UV-vis spectra of 1a and 1b in different solvents with a concentration of 1.25x10-4; A) 
dichloromethane; B) acetone; and C) a 7:3 mixture of THF and acetonitrile.i 
 The spectrum of 1b in the mixture of acetonitrile in THF (Figure 4-7C) did not 
show an oxygenation band, possibly since acetonitrile is coordinated to Cu(I), thus 
inhibiting the binding of dioxygen, as was also established by XAS (see below). 
 
4.2.1.3 Stability of 1b 
 The effect of an increase in the temperature from -80 °C to room temperature on 
the spectrum of 1b in acetone was tested. A decrease in the absorption band at 364 nm 
was observed in time (Figure 4-8 left). It is evident from the right panel of this graph that 
1b is not stable at temperatures above –80 °C. Studies in dichloromethane provided the 
same results (not shown). This lack of thermal stability has been reported before for 
model complexes; in fact only few examples of copper dioxygen complexes that are stable 
at room temperature have been reported (Chapter 1).35,36  
 
 
                                                     
i The base lines of the spectra were adjusted by subtracting the values of the absorption at 650 nm from the spectra. 
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Figure 4-8. Temperature dependence of 1b in acetone. Left) Decrease of absorption band at 
364 nm with increasing temperature, as indicated by the arrow; right) absorption at 364 nm versus 
the temperature.i 
 
 A previous hemocyanin model that had been designed by Klein Gebbink of our 
group turned out not to be stable towards oxidation of its own ligand sets (L8, Chapters 1 
and 3).34 Complex L8 displayed oxidative N-dealkylation of its own ligand sets, even 
directly upon oxygenation at low temperature (-80°C). The newly designed receptor 1 
lacks benzylic hydrogen atoms to increase its stability against oxidative degradation. The 
stability of 1b against oxidation was tested by monitoring the maximum absorption of the 
band at 364 nm in time. At time t0 dioxygen was added to a cooled solution of 1a in 
acetone. It is evident from Figure 4-9 that the formation of the oxy complex is linear, 
with respect to the time, in the first minutes of oxygenation. The oxygenation to 1b was 
complete within about 10 minutes. The maximum absorption stayed essentially the same 
for at least 90 minutes, indicating a oxy complex that does not undergo oxidation of its 
own ligand sets. To investigate whether receptor 1 was indeed unaltered after the 
oxygenation, the copper ions were removed from 1b by warming up the solution and 
evaporating it to dryness. The resulting product was dissolved in chloroform and 
extracted with aqueous NH3, after which the organic layer was evaporated. NMR 
confirmed that no changes had occurred in the structure of receptor 1 (see Chapter 3 for 
NMR data of 1), indicating that no degradation had taken place. From the above results it 
can be concluded that 1b does not undergo oxidation of its own ligand sets. 
 
                                                     
i  The base lines of the spectra were adjusted by subtracting the values of the absorption at 650 nm from the spectra. 
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Figure 4-9. Stability in time of 1b in acetone at -80 °C; the arrow indicates the argon/vacuum 
purges (See section 4.2.1.4).  
 
4.2.1.4 Reversibility of dioxygen binding to 1a  
 Another factor that can be studied by UV-Vis is the reversibility of dioxygen 
binding. In Nature reversible dioxygen binding is essential, since it enables dioxygen to be 
transported through animal bodies from one site to another; this makes life possible. In 
molluscs and arthropods, hemocyanin is the oxygen transporting protein. Hemocyanin 
contains, as described above, a dinuclear copper metal site, which displays reversible 
dioxygen binding. Hemocyanin does not normally display substrate oxygenation (see 
Chapter 1 for an exception), since no substrate binding site is present. During the release 
of dioxygen from the copper site in hemocyanin, a change in conformation from a flat 
side-on structure to a distorted butterfly structure is supposed to occur (Figure 1-17).37  
 The binding of dioxygen can be either reversible or irreversible. In the literature an 
example of reversible dioxygen binding by a synthetic model was described by Kodera, 
using ligand L43 (Figure 4-10).38 Alternating cycles of argon and vacuum purges with a 
solution of the copper complex of L43 was shown to lead to release of dioxygen. This 
dioxygen release occurred in vacuo at 80°C and the molecule was bound again at room 
temperature; after 3 cycles 30% decomposition had occurred. For more details see 
Chapter 1. 
 The reversibility of dioxygen binding of complex 1b was tested by applying purges 
of vacuum and argon while monitoring the absorption at 364 nm. As is clear from 
Figure 4-9, the intensity at 364 nm stayed essentially the same in time after the application 
of vacuum and argon (indicated by the arrow), indicating that no loss of dioxygen from 
the oxy complex 1b occurred. The transient decrease in the absorption is probably caused 
by argon bubbles near the measuring probe. From these reversibility studies it can be 
concluded that dioxygen binding to 1a at -80 °C is irreversible.  
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Figure 4-10. Structure of ligand L43.38   
 
4.2.1.5 Stoichiometry of dioxygen binding to 1a 
 The stoichiometry of the oxy complex 1b was studied to determine if a Cu2O2 
complex was formed as expected or other complexes, such as CuO2 (Figure 1-23). A 
dioxygen titration using UV-Vis spectroscopy was used to determine the stoichiometry of 
dioxygen binding to the metal site, as described by Gultneh et al..39 In previous work in 
our group the stoichiometry of dioxygen binding to L8 was studied using manometry and 
these results were consistent with a Cu2O2 complex.34 Manometry has the disadvantage 
that large amounts of material are needed (several hundreds of milligrams), while for a 
UV-Vis titrations only milligram quantities suffice. The UV-Vis titration was carried out 
as follows. A small precise amount of dioxygen (as a 1.00 % mixture of dioxygen in 
argon), amounting to precisely 0.5 equivalent with respect to dinuclear complex 1a, was 
added to a solution of 1a at -80 °C.  
 The appearance of the band at 364 nm was followed in time. After circa 4 hours 
the oxygenation was completed and the absorption had stabilized. The time needed for 
complete oxygenation was 4 hours, while a time of 10 minutes was observed in the case 
of the addition of an excess of dioxygen (see above). The maximum absorption was 
recorded and this procedure was repeated twice. In total 1.5 equivalents of dioxygen had 
been added. The maximum absorption values were plotted against the number of 
equivalents added (Figure 4-11). It is evident that a maximum in the absorption values 
was reached after the addition of 1 equivalent of dioxygen with respect to the dinuclear 
copper complex 1a, indicating the formation of a complex with a stoichiometry of one 
molecule of dioxygen per dinuclear copper complex, as was expected.  
 
Chapter 4 
 
 120
 
Figure 4-11. Stoichiometry of dioxygen binding to 1a (acetone, -80°C). The maximum absorption 
at 364 nm is plotted against the number of equivalents of dioxygen added to the dinuclear copper 
complex 1a. 
 
4.2.1.6 Intramolecular versus intermolecular binding of dioxygen to 1a  
 Dioxygen binding to dinuclear copper complex 1a can be either intramolecular or 
intermolecular, as depicted schematically in Figure 4-12 for receptor 1a. We expect the 
binding of dioxygen to be intramolecular, as was depicted in Figure 4-4. In order to 
design biomimetic catalysts that combine a metal site with a substrate binding site 
intramolecular dioxygen binding is necessary to ensure that the metal site is formed in the 
vicinity of the substrate binding site. Intermolecular binding would lead to the formation 
of dimeric, trimeric or even polymeric structures (Figure 4-12).  
  
 
Figure 4-12. Formation of intra- or intermolecular complexes of 1a and dioxygen. 
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 To investigate whether dioxygen binding is intramolecular or intermolecular 
dioxygen binding was studied at three different concentrations of 1a, viz. 1.0, 0.5, and 
0.25 (x10-4 M). If dioxygen binding is intramolecular, the rate of binding will not depend 
on the concentration of 1a in the solution. If dioxygen binding is intermolecular, the rate 
of binding will increase with increasing concentrations of 1a in the solution. To 
investigate whether intra- or intermolecular binding is to be expected an experiment has 
been carried out wherein the binding is followed during the first 30 minutes after the 
addition of dioxygen. If the apparent molar extinction is dependent on the concentration 
of 1a during these first minutes, the binding is believed to be intermolecular, whereas if it 
is not, the binding is intramolecular. 
  
  
Figure 4-13. Oxygenation of 1a at three different concentrations of 1a (dichloromethane; -80°C; 
2 bubbles of O2 per second). A) plot of Acorr versus time for all three concentrations; B) absorption 
spectra of 0.25x10-4 M of 1a upon oxygenation; C) absorption spectra of 0.5x10-4 M of 1a upon 
oxygenation; D) absorption spectra of 1.0x10-4 M of 1a upon oxygenation. 
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 Figure 4-13 illustrates the change in absorption of the three solutions of 1a cooled 
in dichloromethane, each containing different concentrations of the ligand, upon the 
addition of an excess of dioxygen. Panels B, C and D show the complete spectra in time 
of the three different solutions. Each panel reveals a decrease of the band at 340 nm 
together with an increase of the band at 364 nm (as indicated by the arrows). This is to be 
expected due to loss of Cu(I) and formation of Cu(II)2O2 upon oxygenation. The 
oxygenation process was monitored for one hour. In order to correlate the data and to 
decide for possible intra- or intermolecular binding of dioxygen to 1a, the initial binding 
rate of dioxygen needs to be determined. The deoxy band at 340 nm is broad and partly 
overlaps with the oxy band at 364 nm. This overlap obscures the true contribution of the 
oxy complex to the oxy band at 364 nm. To obtain the true absorption of the oxy 
complex this overlap should be mathematically extracted from the observed absorption. 
 When no dioxygen is present, i.e. only deoxy complex, the overlap of the deoxy 
band at 340 nm with the oxy band at 364 nm can be derived from the spectrum. This 
overlap is maximal when 100 % deoxy (t0) is present and zero when 0 % deoxy is present 
(tmax). The amount of overlap is assumed to decrease linearly with the decrease in the 
amount of deoxy complex. The absorption contribution of this overlap can be calculated 
by multiplying the absorption of the deoxy species at 364 nm on time t0 (At0) with the 
fraction of deoxy complex that is present, as calculated by the time of oxygenation 
divided by the total time (t/tmax). This overlap contribution should be subtracted from the 
observed absorption (Aobs) to obtain the corrected absorption, which is purely the oxy 
contribution at 364 nm. The above reasoning leads to the following formula: 
 
 Panel A of Figure 4-13 illustrates the corrected absorption at 364 nm as a function 
of time for the three different concentrations, viz. 0.25, 0.5 and 1.0x10-4M. The tmax was 
taken as the time during which the formation of oxy complex was linear, viz. the first 30 
minutes. This initial time period of half an hour provides a good indication of the rate of 
dioxygen formation. The results are summarized in Table 4-1, wherein the ratio of the 
slope and concentration for each of the three solutions is listed. The values of this rate 
constant for the solutions of 0.25 and 1.0 x 10-4 are very similar and that of the solution 
of 0.5 x 10-4 is slightly lower. However, they are all in the same order of magnitude, from 
which we can conclude that dioxygen binding does not depend on the concentration of 
1a. This result leads to the conclusion that dioxygen binding to 1a is intramolecular, as 
expected.  
⎟⎟⎠
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Table 4- 1. Effect of concentration of 1a on the rate of formation of oxy complex 1b.a  
Conc. of 1a Slope  R-value  Slope/conc. 
0.25x10-4 M 8.44 x 10-3 0.999 3.4 x 102 
0.5x10-4 M 14.04 x 10-3 0.998 2.8 x 102 
1.0x10-4 M 33.47 x 10-3 0.999 3.4 x 102 
a) The slope of the three lines in Figure 4-13A was determined and is 
presented together with the R-value.  
 
4.2.1.7 Effect of rate of dioxygen addition on formation of 1b  
 The effect of the rate of dioxygen addition on the binding of this compound to 1a 
was studied by varying the speed of bubbling dioxygen (change of bubbling frequency) 
through a cooled solution of 1a in dichloromethane. Three different bubbling frequencies 
were tested, viz. approximately 2, 4, and 8 bubbles of dioxygen per second. The bubbling 
frequencies were determined roughly by eye; the lower frequencies of 2 and 4 could be 
determined accurately, however the frequency of 8 bubbles per second was more difficult 
to establish and this value is only approximate. The UV-Vis absorption at 364 nm was 
followed in time for bubbling frequencies of 2, 4 and ~8 bps,i and the results are 
illustrated in panels B, C, and D of Figure 4-14, respectively. The corrected absorption 
(Acorr) was calculated for the three bubbling frequencies and plotted against time in panel 
A of Figure 4-14.  
 The deviations in the maximum Acorr between the different curves are due to 
experimental errors, such as a variation in the starting concentration and solvent loss at 
higher bubbling frequency. Furthermore, the tmax can vary between two experiments. 
Hence only general conclusions can be derived from this experiment. The slopes and 
ratios of slope and bps were calculated from Figure 4-14 and are summarized in 
Table 4-2. These result suggest that the rate of formation of the oxy complex 1b is 
directly related to the bubbling frequency, since the slope is proportional to the bubbling 
frequency, going from 2 to 4 bps. The reaction does thus display first order kinetics in 
dioxygen. The proportionality of oxygenation rate with bubbling frequency shows that 
there was no oxygen saturation at the bubbling frequencies and concentrations used. The 
observed ratio for the last spectrum (panel D) is higher than expected, indicating that the 
true bubbling frequency was probably higher than 8 (see above). 
 
 
                                                     
i bps: bubbles O2 per second 
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Figure 4-14. Effect of the rate of dioxygen bubbling on the formation of oxy complex 1b 
(dichloromethane; -80°C; 0.5 x10-4 M of 1a). A) Plot of Acorr versus time for all three rates of 
bubbling of dioxygen; B) absorption spectra of 1a upon oxygenation with 2 bps (dioxygen 
bubbles per second), traces 1 min apart; C) absorption spectra of 1a upon oxygenation with 4 bps, 
traces 1 min apart; D) absorption spectra of 1a upon oxygenation with ~8 bps, traces 1 min apart. 
 
Table 4-2. Effect of the rate of dioxygen bubbling on the rate of formation of 1b.a),b)  
 
Bps Slope  R-value Slope/bps 
2 259 0.998 1.3 x 102 
4 580 0.997 1.5 x 102 
~8 1676 0.998 2.1 x 102 
a) Data calculated from Figure 4-14A.   
b) The tmax was 30, 12, and 12 minutes for 2, 4, and ~8 bps, respectively. 
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4.2.2 UV-Vis spectroscopy and dioxygen binding of TPA-receptor 2  
 
4.2.2.1 Oxygenation of 2a in dichloromethane 
 UV-Vis spectroscopy on the deoxy and oxy forms of the Cu complexes of 
receptor 2 was carried out at low temperature (–80°C) in dichloromethane and the results 
are depicted in the left panel of Figure 4-15. The UV-Vis spectrum of Cu(I) complex 2a 
(solid line) showed a band at 360 nm (ε 18,000 M-1cm-1 or 9,000 per copper ion), assigned 
to the pyridine nitrogen to copper LMCT band. No d-d transition band was found, 
indicating the presence of a d10 species, which confirms that copper is present as 
copper(I). This is similar to what was observed for receptor 1 described above. No 
significant changes were observed in the spectrum at room temperature (not shown).  
 The expected mode of dioxygen binding for a receptor comprising TPA units is 
dinuclear Cu2O2 end-on peroxo, as depicted in Figure 4-3 for receptor 2. This type of 
dioxygen binding has been reported in the literature for L39 (see Chapter 1) with 
characteristic absorption bands at 525 nm (ε 11,500 cm-1 M-1) and 590 nm 
(ε 7600 cm-1M-1).40,41 The uptake of dioxygen by 2a was studied in time and the results are 
depicted in the right panel of Figure 4-15.  None of the above-mentioned characteristic 
absorption bands were present; it can therefore be concluded that there is no formation 
of an end-on peroxide copper-dioxygen complex. A decrease in the band at 340 nm 
(Figure 4-15) is however observed, indicating oxidation of Cu(I) to Cu(II) or Cu(III). 
Unfortunately, other bands, which could have helped to elucidate the structure of 2b, did 
not appear. The valence change can however be studied by XANES (see below).  
 
Figure 4-15. Absorption spectra of 2a and 2b in acetone at -80°C. Left) absorption spectra of 2a 
(solid line) and 2b (dashed line); dioxygen uptake in time (1 scan/2 min); the arrow indicates the 
decrease of the absorption in time. i   
                                                     
i The base lines of the spectra were adjusted by subtracting the values of the absorption at 650 nm from the spectra. 
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Figure 4-16. Temperature dependence studies on 2b; 2b at -80 °C in dichloromethane (solid line) 
and at room temperature after warm up (dashed line).i 
 
4.2.2.2 Effect of temperature on 2b 
 The effect of increasing temperature on the oxidised copper complex of 2 was 
studied by slowly heating the solution from –80 °C to room temperature. The results are 
depicted in Figure 4-16. A subtle change is observed upon warming up of 2b, leading to a 
loss of all bands.  
 
4.2.2.3 Effect of rate of dioxygen addition on formation of 2b 
 As is described above for receptor 1, the frequency of dioxygen bubbling to 2a was 
varied while monitoring the change in UV-Vis absorption characteristics of complex 2b. 
The same three different bubbling frequencies were tested. The decrease in the UV-Vis 
absorption at 360 nm was followed in time and the results are shown in Figure 4-17. The 
values for Acorr are plotted against time in the right panel of Figure 4-17. The slopes and 
ratios of slope and bps were calculated and the results are summarized in Table 4-3. From 
these data it can be concluded that the rate of formation of the oxy complex 2b is directly 
related to the bubbling frequency. The proportionality of oxygenation rate with bubbling 
frequency shows that there was no oxygen saturation at the bubbling frequencies and 
concentrations used. The results for the experiment at 8 bps (stars) indicate that the true 
bubbling frequency was probably higher than 8 bps (see also the results for 1b in section 
4.2.1.7). 
 
                                                     
i  The base lines of the spectra were adjusted by subtracting the values of the absorption at 650 nm from the spectra. 
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Figure 4-17. Effect of the rate of dioxygen bubbling on the formation of 2b (dichloromethane; 
-80°C; 0.5 x10-4 M of 2a). Left) Absorption spectra of 2a upon oxygenation with 2, 4 and ~8 bps; 
right) plot of Acorr versus time for all three bubbling frequencies. 
 
Table 4-3. Effect of rate of dioxygen bubbling on the  formation of 2b. a),b) 
 
Bps Slope  R-value Slope/bps 
2 -8.6 0.985 -4.3 
4 -18.2 0.991 -4.6 
~8 -41.6 0.994 -5.2 
a) Data calculated from Figure 4-17 right.  
b) tmax was 20, 11, and 5 minutes for 2, 4, and ~8 bps, respectively. 
 
4.2.3 X-ray absorption spectroscopy on receptors 1 and 2  
 X-ray absorption spectroscopy was carried out on frozen solutions of both the 
deoxy and oxy copper complexes of receptors 1 and 2. These experiments were 
performed for the following reasons: (i) to determine the valence of the copper centres in 
the complexes to relate this to the extent of oxygenation of the complexes as determined 
by UV-Vis using the new setup described in Chapter 2. (ii) To investigate the 
coordination environment of the copper centres, for example whether or not dioxygen is 
coordinated to copper, and if so, in what way, and to obtain information on how many 
pyridyl groups and other nitrogen atoms are coordinated to copper.  
 Two regions of the X-ray absorption spectra were studied, viz. the region around 
the absorption edge (XANES) and the region adjacent to and above the absorption edge 
(EXAFS). The former provides information on the valence of the metal ion and can be 
used to determine the extent of the oxidation of Cu(I) to Cu(II) in the complexes. The 
latter provides information on the surroundings of the metal ions and can be used to 
determine plausible structures for the metal sites in the copper (dioxygen) complexes. 
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 The XANES and EXAFS experiments were carried out on several different 
solutions of deoxy and oxy complexes of 1 and 2, viz. 1a/1b and 2a/2b, respectively, in 
frozen acetone and in the case of 1a/1b in a solvent mixture of THF and acetonitrile. 
 The main solvent for XAS studies described in this chapter is acetone. Our group 
has previously reported XAS measurements on crown ether compounds appended with 
PY2-ligands (L37), 34 using acetone as a solvent. In these studies, in addition to acetone, 
THF was used, which gave different results, such as a more pronounced pre-edge 
transition (see below). It was therefore the objective to also study the oxygenation 
behaviour of 1a in THF, for reason of comparison. Complex 1a proved, however, not to 
be soluble in THF alone; as a consequence acetonitrile was added for solubilization. 
Furthermore, preliminary experiments exploring the use of dichloromethane, which was 
frequently used in the UV experiments, as a solvent for XAS revealed that the relatively 
heavy chlorine atoms gave rise to a strong scattering of X-rays, giving rise to a significant 
background signal, which is difficult to distinguish from the fluorescence. Therefore, this 
solvent could not be used for XAS. In summary, acetone and a mixture of THF and 
acetonitrile (7:3, v/v) were used as the solvents in the presently described XAS studies. 
 
4.2.3.1 Effect of oxygenation on the XANES  
  Traces A of Figure 4-18 represent the XANES spectra of 1a (solid) and 1b 
(dashed) in frozen acetone. The energy of the edge of 1a was approximately 8985 eV as 
also reported in the literature for deoxy hemocyanin, which contains Cu(I).27,42 It can thus 
be concluded that the copper in 1a is present as Cu(I), as was expected.  
 Another feature observable in the XANES of 1a was a pre-edge transition (also 
called shoulder), due to excitation of the 1s electron to unoccupied higher orbitals. The 
position and transition probability of this pre-edge transition are determined by the 
symmetry of the ligand environment, and hence by the coordination number.42,27 
Furthermore, the exact position of this transition is determined by the electronegativity of 
the ligands, as revealed by model studies.27 The relatively small pre-edge transition of 1a 
was found to be surprisingly weak in comparison to that of the Cu(I) complex of L37, 
studied previously by our group.18 This weak pre-edge transition is possibly due to 
deviations from a symmetric tri-coordinate Cu(I) complex; it is however not clear from 
the XANES what the exact nature of these deviations is.  
 Considerable changes were observed in the XANES spectrum upon oxygenation 
of 1a in acetone, to give 1b. The XANES spectrum of 1b showed a shift in the edge 
position as well as a change in the shape of the curve to a more smooth pattern without a 
pre-edge transition; these results are consistent with the formation of a Cu(II) complex. 
The results obtained for 1b in frozen acetone are very similar to the data obtained for oxy 
hemocyanin43 as well as the oxy complex of L37. 
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 We have thus obtained for the first time ever, XAS data for an oxygenated copper 
complex of a PY2-appended basket. In previous attempts with copper complexes of L8,18 
the samples were found to be too dilute, too incompletely oxygenated, or to be 
decomposed. Because of the problems encountered in previous research, a new dual 
setup was designed for the UV-Vis and XAS measurements, which setup is described in 
detail in Chapter 2.44 It allows for low temperature UV-Vis characterization of XAS 
samples prior to XAS data collection.  
 Trace B of Figure 4-18 shows the XANES spectra of 1a (solid) and 1b (dashed) in 
a solvent mixture of THF and in acetonitrile in order to determine whether there is a  
solvent dependence of the XANES. The XANES spectrum of 1a showed an edge energy 
of ca. 8985 eV, characteristic for Cu(I). The spectrum did, however, not show a pre-edge 
transition, in contrast to what was observed for 1a in acetone (see above). This lack of a 
pre-edge transition in THF/acetonitrile could be due the presence if a complex with an 
even lower symmetry than 1a in acetone, since it is known that such pre-edge features 
point to symmetric (often tri-coordinate) complexes. This would suggest to the formation 
of perhaps a tetra-coordinate complex, possibly due to the coordination of a solvent 
molecule of acetonitrile to Cu(I).  
 Only slight changes were observed in the XANES spectrum upon oxygenation, of 
1a to 1b. No significant shift to higher energy was observed for the edge, in sharp 
contrast to what was observed for 1b in acetone. Furthermore, only a slight change was 
visible in the shape of the curve, going from a very small pre-edge feature for 1a to no 
pre-edge feature for 1b. These results indicate that only partial oxidation of Cu(I) to 
Cu(II) has occurred. This low extent of oxidation upon addition of dioxygen has been 
reported previously for L37 in pure acetonitrile,18 and has been ascribed to strong 
coordination of acetonitrile to the Cu(I) complex, inhibiting dioxygen binding. Our results 
suggest that 30 vol.% of acetonitrile is enough to efficiently block the binding of 
dioxygen.  
 Trace C of Figure 4-18 depicts the XANES spectra for 2a (solid) and 2b (dashed) 
in frozen acetone. The position of the edge for 2a confirmed the valence of Cu(I) for this 
complex. The relatively prominent presence of the pre-edge transition observed for 2a 
could point to tri-coordination to the copper ion. However, more than three possible 
donor atoms are present in the vicinity of the copper ion in complex 2a, viz. 3 pyridyl 
nitrogen donors and 1 amino nitrogen donor, allowing for tetra-coordination. In the 
literature (see Chapter 3) tri-coordination has been observed previously for tetra-dentate 
TPA ligands in solution45 and there is even one example of tri-coordination in the solid 
state.46  
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Figure 4-18. XANES spectra for copper complexes of receptors 1 and 2. Trace A) 1a (solid) and 1b 
(dashed) in acetone (entries 1 and 3 in Table 4-4); Trace B) 1a (solid) and 1b (dashed) in a 
mixture of THF and acetonitrile (entries 4 and 5 in Table 4-4); Trace C) 2a (solid) and 2b 
(dashed) in acetone (entries 6 and 7 in Table 4-4).  
 This tri-coordination has been ascribed to the presence of a “free dangling” pyridyl 
group in the copper(I) complex. Such a “free dangling” pyridyl group could also be 
present in 2a. The NMR experiments described in Chapter 3 are in line with this 
hypothesis.  
 Considerable changes were observed in the XANES spectrum upon oxygenation 
of 2a to 2b. Firstly, a shift to higher energy was observed for the edge, and secondly a 
change in the shape of the curve, viz. to a more smooth curve without a pre-edge 
transition. Both changes are consistent with the oxidation of Cu(I) to Cu(II). 
 As described in Chapter 2 of this thesis a new dual setup was designed for 
combining data acquisition on a sample by both UV-Vis spectroscopy and XAS. This 
setup was designed for several reasons: (i) to provide a setup that allows better control of 
the process of oxygenation for the XAS samples, since it has previously been observed 
that XAS samples are incompletely oxygenated (see above); (ii) to first determine the 
extent of oxygenation of a sample before it is taken abroad for XAS measurement, 
maximizing the possible results during these experiments and minimizing the time lost 
due to incompletely oxygenated samples; and (iii) to correlate the UV-Vis data and XAS 
data by using these two techniques on the same sample. This is the first time ever that 
such a combined setup for UV and XAS has been used and reported in the literature.44 
 To study the performance of the new dual setup XANES experiments were 
carried out on two distinct samples of the oxy complex of receptor 1 (viz. 1b) prepared in 
the old way and the new way. The old cell was filled with a concentrated solution 
(~1.0x10-3 M) of 1a, cooled, oxygenated, and frozen (see Experimental Section of this 
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chapter for details). This type of sample preparation was found to give only partial 
oxygenation (see below).  
 The second sample was prepared using the new type of XAS cell (XANES in 
Panel A of Figure 4-18). The preparation was carried out by filling the glass UV chamber, 
as described in Chapter 2, with a ten times more dilute solution (~1.0x10-4 M) of 1a and 
subsequently cooling the solution to -80 °C by means of a cryostat. Then the 
UV absorbance was monitored (cf. panel D of Figure 4-13) during oxygenation of the 
solution of 1a by means of bubbling of dioxygen for 10 minutes to give a solution of 1b. 
This was followed by filling the new type of XAS cell with the above solution of 1b inside 
the glass UV chamber (see Experimental Section of this chapter for details) and 
subsequently freezing the sample in liquid nitrogen. The UV-Vis analysis of this very 
sample showed an apparent extinction coefficient of 12,300 M-1cm-1, which is consistent 
with a degree of oxygenation of 81 %, when calculated on the expected extinction 
coefficient of 15,150 for 100 % oxygenation. Longer dioxygen bubbling times could lead 
to partial warm up of the sample, risking decomposition of the temperature sensitive 
copper dioxygen complex 1b. It was therefore decided to proceed on the XAS 
measurements with this incompletely oxygenated sample.  
 The performance of this dual setup was investigated as follows. To determine a 
possible correlation between the data derived from UV-Vis and from XAS on one and 
the same sample, the extent of oxygenation was determined separately using UV-Vis data 
as well as XANES data on one sample, measured using the new dual setup. As described 
above the extent of the oxygenation, determined by UV-Vis, was about 81 %. The extent 
of the oxygenation can also be determined by XANES by the position and shape of the 
edge.  
 The first step in the determination of the extent of oxygenation by XAS was the 
preparation of a calibration curve. As a first reference for this calibration curve 
(0 % oxygenation) the XANES of deoxy complex 1a was taken. As a second reference 
(100 % oxygenation) the XANES of the sample with the highest measured extent of 
oxygenation (a concentrated solution of 1b) was used. Since the second reference sample 
was concentrated, no UV-Vis analysis could be carried out. It was therefore assumed that 
the extent of the oxygenation was 100 %. The XANES of both references, viz. 0 % and 
100 % oxygenation or Cu(II), are presented in Figure 4-19A (thick black traces). These 
two reference spectra were used to calculate linear combinations thereof with increments 
of 10 % (Figure 4-19A, thin traces).  
 The second step in this determination was the superimposition of the experimental 
spectrum of the sample in question, viz. a dilute oxygenated sample, which is on the basis 
of UV-Vis (see above) expected to have an extent of oxygenation of 81 %, on the 
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aforementioned calculated lines. In this way a first rough estimate of the extent could be 
obtained, which was around 80 % (not shown).  
 The third step in this determination was a further refinement of the calculated lines 
with increments of 1 %, between the previously calculated lines of 80 and 90 % to get a 
more refined analysis of the extent of oxygenation. This superimposition of the 
experimental curve and the calculated linear combinations revealed an extent of 
oxygenation of 81 % (Figure 4-19B).i The experimental spectrum showed an excellent 
overlap at lower energy and only at higher energy, near the EXAFS-range, deviations were 
observed between the experimental and the calculated spectra.  
 The above result indicates that the extent of oxygenation, viz. percentage of Cu(II) 
in the sample, can be determined by UV-Vis and XANES, both providing approximately 
the same results, viz. 81 % of Cu(II). It can thus be concluded that the new dual 
UV-Vis/XAS setup provides for the first time a nice correlation between these two 
techniques to one and the same sample in our program on biomimetic dinuclear copper 
catalysts. 
 To further investigate the actual improvement presented by the newly designed 
dual setup the extent of oxygenation of a sample in the old type of cell was evaluated 
(Figure 4-19C) using the above-mentioned linear combination approach. The 
experimental spectrum was superimposed on the same set of calculated linear 
combinations used above.  
 It appeared that the extent of oxygenation of the concentrated sample using the 
old setup (aluminium cell with glued Kapton windows, see experimental section and 
ref. 18) (entry 2 in Table 4-4) was dramatically lower than that of the dilute sample using 
the new setup (as described in Chapter 2 and figures 2-7 and 2-8) (entry 3 in Table 4-4), 
viz. 40-70 % and 81 %, respectively. In addition, as is clearly visible in Figure 4-19C, it 
was found that the experimental XANES spectrum of the concentrated sample in the old 
setup has a completely different profile from what was expected, pointing to the presence 
of different oxygenated species, possibly intermediates.  
 The fact that the profile of the curve is different also explains the less accurate 
determination of the extent of the oxygenation, viz. 40-70 %. However, because of the 
position of the edge, viz. only 40-70 % oxygenated, it is not likely that overoxidation to, 
for example Cu(II)2OH2, had occurred (see also below). The difference between 
Cu(II)2O2 and Cu(II)2OH2 is not derivable from the EXAFS, since protons are not 
observable and the O-O bond, if present, cannot be measured directly. 
 
                                                     
i Note that the overlap of the curves was determined by the eye. 
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Figure 4-19. Determination of the extent of oxygenation of partly oxygenated samples of 1a. 
Trace A) 0 % and 100 % oxy (thick solid and thick dashed) and calculated linear combination 
10 % to 90 % oxy (thin solid); Trace B) 1b in acetone (thick dashed, entry 3 in Table 4-4), 0 % oxy 
(thick solid), calculated linear combination of 81 % oxy (grey solid), 100 % oxy (thin dashed); 
Panel C) a concentrated solution of 1b in acetone (thick dashed, entry 2 in Table 4-4), 0 % oxy 
(thin solid), calculated linear combination of 40, 50, 60, and 70% oxy (thin solid), 100 % oxy (thin 
dashed); Panel D) 1b in THF/acetonitrile (thick dashed, entry 5 in Table 4-4), 0 % oxy (thick 
solid), calculated linear combination of 10 to 90 % oxy (thin solid), 100 % oxy (thin dashed).  
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 As mentioned above, a solvent dependence of the XANES had been found 
previously, and therefore the XANES of 1b in THF/acetonitrile was also superimposed 
on the aforementioned linear combinations (Figure 4-19D). It was found that the 
experimentally obtained curve was positioned at even lower energy that the curve for 0 % 
oxygenation in acetone. This may be due to the fact that the calibration for acetone was 
used for the curve of THF/ACN.   
 
4.2.3.2 Simulations of the EXAFS 
 The data of the EXAFS studies are presented in Figure 4-20. The top panel shows 
the k3-weighted EXAFS of deoxy and oxy complexes of 1 in acetone and 
THF/acetonitrile (A en B, respectively) and of 2 in acetone (C). The Fourier transforms 
of these spectra are given in the bottom panel of Figure 4-20, wherein the labels refer to 
the same samples as described above for the EXAFS. Subtle differences can be observed 
both in the EXAFS and FF between the deoxy spectra of the three samples (solid lines), 
viz. 1a in acetone, 1a in THF/acetonitrile, and 2a in acetone. Upon oxygenation of these 
deoxy species in acetone (1a to 1b, and 2a to 2b) prominent changes were observed; an 
increase in the amplitude of the k3-weighted EXAFS was visible for both 1b and 2b, 
when compared to 1a and 2a, as well as an approximate doubling of the intensity of the 
Fourier transform of the main shell of low-Z atoms at 2 Å. However, for oxygenation of 
1a in THF/acetonitrile the change was much less pronounced. 
 Detailed simulations of the Fourier-filtered EXAFS and Fourier-filtered Fourier 
transforms were carried out using the programme EXCURV98, following an approach 
adapted from earlier EXAFS analyses18 as described in detail in the Experimental Section 
of this chapter. The analysis started with iterative refinements of single scattering 
simulations of the Fourier-filtered major shells (around 1.5-2.0 Å) using nitrogen atoms in 
order to discern trends in coordination numbers, as presented in Table 4-4. The results 
showed an increase in coordination number upon going from acetone to 
THF/acetonitrile, from a typical value of 3 nitrogen atoms in acetone to 4 nitrogen atoms 
in THF/acetonitrile. Furthermore, a difference in average ligand distance (Cu-N) was 
observed between the complexes of receptor 1, 1a and 1b (1.96-1.98 Å), and the 
complexes of receptor 2,  2a (2.015 Å) and 2b (1.996 Å). 
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Figure 4-20. Top Part: stacked plots of k3-weighted EXAFS. Panel A) 1a (solid) and 1b (dashed) 
in acetone (entry 1 and 3 in Table 4-4); Panel B) 1a (solid) and 1b (dashed) in THF/acetonitrile 
(entry 4 and 5 in Table 4-4); Panel C) 2a (solid) and 2b (dashed) in acetone (entry 6 and 7 in 
Table 4-4). Bottom graph: stacked plots of Fourier transform. Panel A) 1a (solid) and 1b (dashed) 
in acetone (entry 1 and 3 in Table 4-4); Panel B) 1a (solid) and 1b (dashed) in THF/acetonitrile 
(entry 4 and 5. in Table 4-4); Panel C) 2a (solid) and 2b (dashed) in acetone (entry 6 and 7 in 
Table 4-4).  
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Table 4-4. Analysis of main Fourier-filtered shells of Cu complexes with single scattering theory. 
The refined parameters were the threshold energy, ∆EF, the occupancy, the Cu-N distance R, 
and the Debye-Waller-type factor, expressed as 2σ2. 
 
Entry Complex Cell type range (Å) Energy 
range (eV) 
∆EF 
(eV)  
Cu-N 
#  
Cu-N 
R(Å)  
Cu-N 
2σ2 (Å2)  
1  1ai,a old/new 0.6 – 2.4 18-500 -0.354 3.0 1.960 0.021 
2 1bi,a old 0.8 – 2.4 18-600 -3.748 3.3 1.996 0.010 
3 1bi,b new 0.9 – 2.2 18-550 -0.461 3.2 1.978 0.022 
4 1aii,a old 0.8 – 2.4 18-675 -3.049 3.9 1.963 0.011 
5 1bii,a old 0.9 – 2.5 18-675 -3.136 3.8 1.977 0.012 
6 2ai,a old 0.8 – 2.4 18-500 -3.947 3.1 2.015 0.016 
7 2bi,a old 0.8 – 2.4 18-600 -1.966 3.2 1.996 0.015 
Solvent: (i) acetone; (ii) a mixture of THF and acetonitrile (7:3); Conc.: (a) 1-2x10-3 M; (b) 1x10-4 M.  
 
4.2.3.2.1 Refined simulations of the EXAFS for Cu(I) complexes  
  Refined simulations were carried out on the Fourier-filtered (long range) EXAFS 
and its Fourier transform of the samples described above. The results of the simulations 
for the Cu(I) samples are shown in Figure 4-21, wherein the solid lines represent the 
experimentally obtained data and the dashed lines the simulated curves. The parameters 
for the simulations, the Debye-Waller-type factors and the fit indices are summarized in 
Table 4-5.  
Table 4-5. Parameters for refined simulations of deoxy complexes of 1 and 2.a 
 Entry 1 Entry 2 Entry 3 
Sample 1a acetone  1a THF/ACN 2a acetone 
Figure 4-21 A B C 
Range (eV) 3.0-550.0 3.0-575.0 3.0-675.0 
∆EF (eV) -2.2338 -5.126 -3.763 
pyr-N 2.1 @ 1.954 (0.009) 2.1 @ 1.984 (0.010) 1.0 @ 1.958 (0.007) 
Pyr-C1,C2c 2.948/2.947 (0.016)  2.964/2.967 (0.015) 2.872/2.876 (0.019) 
Py3-C3,C4c 4.326/4.326 (0.028)  4.347/4.353 (0.030) 4.255/4.255 (0.039) 
Pyr-C5c 4.758 (0.020)  4.803 (0.009) 4.749 (0.017) 
Amine-N 0.9 @ 2.098 (0.001) 0.8 @ 2.103 (0.003)  1.1 @ 2.048 (0.009) 
Cu-Cu no sign. contribution no sign. contribution no sign. contribution 
Fit indexb  0.1624 0.2011 0.3859 
(a) Distances in Å; Debye-Waller-type factors as 2σ2 in parentheses in Å2; (b) Fit index on FF-data 
k3-weighting; (c) the remote shells in the pyridine unit are refined with the same occupancy as the 
coordinating nitrogen. 
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Figure 4-21. Refined simulations of Cu(I) complexes with multiple scattering for the FF EXAFS 
(left part of panels) and FF FT (right part of panels) with both the experimentally observed curve 
(solid) and the theoretical refined simulation (dashed). Panel A) 1a in acetone (entry 1 in Table 
4-5); Panel B) 1a in THF/acetonitrile (entry 2 in Table 4-5); Panel C) 2a in acetone (entry 3 in 
Table 4-5). 
 
 The results of the refined simulation for deoxy complex 1a in acetone are 
presented in panel A of Figure 4-21. It was found that two pyridyl nitrogen donors and 
one aliphatic amino nitrogen donor at 1.954 and 2.098 A, respectively, are involved in the 
coordination. This result was expected on the basis of earlier EXAFS experiments of PY2 
systems,11,18 and the known crystal structures of Cu(I) complexes with PY2 ligands. For 
example, the crystal structure of [Cu2(N4PY2)](ClO4)247 contains tetra-coordinate copper, 
which has an environment of two pyridyl groups (average 1.939 Å) and one amino 
nitrogen donor (2.145 Å) as well as an oxygen of the perchlorate counter ion (2.547 Å), 
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but can be considered tri-coordinate in view of the weak coordination of the perchlorate 
anion.  
 The results of the simulation for deoxy complex 1a in THF/acetonitrile are shown 
in panel B of Figure 4-21, and they suggest two coordinating pyridyl groups (average 
1.984 Å) and one amino nitrogen donor (2.105 Å). The Cu-N(pyridine) distance has 
increased significantly from 1.954 to 1.984 Å. This trend for longer Cu-N(pyridine) 
distances is in line with the data of [Cu2(N4PY2)(CH3CN)2](ClO4)2 which has pseudo-
tetrahedral geometry, and an average Cu-N(pyridine) distance of 2.024 Å and 
Cu-N(amine) and Cu-N(acetonitrile) distances of 2.151 and 1.945 Å, respectively. The 
change in distances going from 1a in acetone to 1a in THF/acetonitrile clearly points to 
some effect of acetonitrile, indicating solvent coordination. This is also observed in the 
single shell analysis with an occupancy of almost 4 (see above). An attempt to analyse the 
data by multiple shell simulations including also contributions of acetonitrile had to be 
abandoned because of heavy correlations between the shells. Thus, there is considerable 
indirect evidence, viz. from the significant longer Cu-N(pyridine) distance as well as the 
increased occupancy in the single shell simulation and the change in edge profile (see 
above), for the coordination of  an acetonitrile molecule to copper.  
 The results of the simulation for deoxy complex 2a in acetone are presented in 
panel C of Figure 4-21 (Entry 2, Table 4-5). The single shell analysis of the EXAFS 2a in 
acetone revealed that there are no more than 3 nitrogen donor ligands, implying that not 
all pyridyl groups and amino nitrogen donors can be coordinated. The detailed analysis 
confirmed that not all pyridyl moieties were coordinated to copper. There is evidence 
from crystallographic studies that the TPA ligand can coordinate with varying numbers of 
pyridine ligands. One example of a copper complex with three coordinating pyridyl 
groups is the Cu(I) complex of 5-carbomethoxy-TPAi, having a pseudo tetra-coordination 
with the following geometry: Cu-N(acetonitrile) 1.999 Å; Cu-N(pyridine) 2.093 Å, 2.130, 
2.108 Å and Cu-N(amine) 2.439 Å.46 In the presence of a stronger ligand, such as PPh3, 
one of the pyridyl groups of TPA can be displaced, as described in the literature for 
[TPACu(PPh3)](PF6) with a tetra-coordinate Cu(I) ion, Cu-N(amine) 2.248 Å, Cu-N(pyr) 
2.047 and 2.094 Å and Cu-P 2.194 Å, and one “free dangling” pyridyl group.  
 For complex 2a in acetone, the simulation indicated that 1 or at most 2 pyridine 
ligands rather than 3 are coordinated to each Cu(I) ion at 1.958 Å, in addition to 
1-2 amino nitrogen donors at 2.048 Å. The best simulation was obtained with an 
occupancy of 1.5 for both Cu-N(amine) and Cu-N(pyridine). This is in line with the NMR 
results described in Chapter 3, which showed possible inclusion of pyridine rings in the 
cavity and a role for amino nitrogen donors in the Cu coordination, including the aza 
                                                     
i Bis-(2-pyridylmethyl)-(5-carbomethoxy-2-pyridylmethyl)amine 
UV-Vis and EXAFS Spectroscopy … 
 
 139
crown ether N-donors. NMR studies have indicated that the coordination of a TPA 
ligand to copper is dynamic and that at no time all of the pyridyl moieties are coordinated 
to copper.48,49 
 
4.2.3.2.2 Effect of oxygenation on the EXAFS  
 Oxygenation of the copper(I) complexes was shown to have a dramatic effect on 
the XANES spectra (vide supra) of 1 and 2 in acetone. Simulations of the Fourier-filtered 
EXAFS and FT of the oxygenated complexes are presented in Figure 4-22 and the 
parameters are summarized in Table 4-6. 
 
Table 4-6 Parameters for Simulations of the Cu(II) complexes of 1 and 2.a 
 Entry 1 Entry 2  Entry 3  Entry 4  
Complex 1b acetone, conc.   1b acetone, dil. 1b THF/ACN  2b acetone  
Figure 4-22 A B C D 
Range (eV) 3.0 – 460.0 3.0 – 460.0 3.0 – 675.0 3.0 – 675.0 
∆EF (eV)  -5.844 -4.605 -3.026 -6.910 
Pyr-N 2.5 @ 2.027 (0.018) 1.7 @ 2.030 (0.012) 2.3@2.014 (0.013) 1.3 @ 2.066 (0.002) 
Pyr-C1,C2d 2.953/2.955 (0.010) 2.952/2.954 (0.004) 2.927/2.929 (0.012) 2.971/2.987 (0.025) 
Pyr-C3,C4d 4.242/4.243 (0.031) 4.258/4.260 (0.021) 4.311/4.313 (0.018) 4.278/4.288 (0.027) 
Pyr-C5d 4.803 (0.042) 4.841 (0.015) 4.787 (0.027) 4.829 (0.011) 
Amine-N No signif. contrib. No signif. contrib. No signif. contrib. 0.6 @ 2.241 (0.001) 
Oe 0.8 @ 1.887/1.964 
(0.002)c 
0.9 @ 1.866/1.984 
(0.001) 
0.8 @ 1.947 (0.012) 2.0 @ 1.952 
(0.011) 
Cue 0.8 @ 3.593 (0.020) 0.9 @ 3.486 (0.022) No signif. contrib. 1.7 @ 2.909 (0.030) 
Fit indexb 0.0767 0.0886 0.1369 0.0749 
(a) Distances in Å; Debye-Waller-type factors as 2σ2 in parentheses in Å2; (b) Fit index of Fourier filtered 
data, with k3-weighting; (c) distance for each of 2 O; (d) the remote shells in the pyridine unit are refined 
with the same occupancy as the coordinating nitrogen;  (e) the Cu2O2 moiety has been refined as a unit 
with all occupancy refined at the same value. 
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Figure 4-22. Refined simulations of Cu(II) complexes with multiple scattering for the FF EXAFS 
(left part of panels) and FF FT (right part of panels) with both the experimentally observed curve 
(solid) and the theoretical refined simulation (dashed). Panel A) concentrated solution of 1b in 
acetone (entry 1 in Table 4-6); Panel B) 1b in acetone (entry 2 in Table 4-6); Panel C) 1b in 
THF/acetonitrile (entry 3 in Table 4-6); Panel D) 2b in acetone (entry 4 in Table 4-6). 
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 Refined simulations of a concentrated frozen solution of 1b in acetone (Entry 1, 
Table 4-6; Figure 4-22 A), which were measured using the old setup (aluminium cel with 
glued Kapton windows, see experimental and ref. 18) revealed the presence of 2 oxygen 
atoms and 2 pyridine N-donors in the first shell, indicating the presence of a µ-η2:η2 
Cu2O2 complex in line with the UV-Vis data (Chapter 3). Inclusion of an amine nitrogen 
contribution in the simulations did not improve the fit index significantly. From the 
XANES data (section 4.2.3.1 and Figure 4-19C above) it was already established that this 
complex 1b had an extent of oxygenation of 40-70 %, together with a edge profile that is 
different from what was expected. It was suggested that the use of the old setup leads to 
the possible presence of other copper dioxygen complexes or intermediates.  
 The analysis of a more dilute sample of 1b in acetone (Entry 2 Table 4-6; 
Figure 4-22B), which was measured using the new setup as described in Chapter 2 and 
which had an extent of oxygenation of 81 %, also showed the presence of a Cu2O2 
complex with slightly lower occupancy for the pyridine unit (1.7 vs 2.5), and slightly 
higher occupancy for the Cu2O2 unit (0.9 vs 0.8). The optimum fit for the copper 
contribution was found at a Cu-Cu distance of 3.486 Å with an almost fully extended 
(flat) µ-η2:η2 Cu2O2 moiety, in agreement with the copper-dioxygen complex found in 
hemocyanin and Kitajima’s model complex.23,24 A dihedral angle of 140° was observed for 
the copper complex of L37, based on a Cu-Cu distance of 3.31 Å from the EXAFS data, 
18 giving it a butterfly structure. The difference with the present result must be due to the 
change in both the crown ether scaffold (basket versus diaza crown ether) and spacer 
(butyl versus m-xylylene).  
 Simulations on the concentrated oxygenated complex 1b in a mixture of THF and 
acetonitrile in the old setup (Entry 3 in Table 4-6) are shown in Figure 4-22C. In line with 
what was observed for the XANES, no significant change was observed for both the 
EXAFS and the FT upon oxygenation of 1a to 1b. This could be due to the coordination 
of a molecule of the solvent acetonitrile, as discussed above for the XANES. There is 
considerable indirect evidence (lengthening of the Cu-pyridine distances derived from the 
EXAFS, increased occupancy of the single shell and change in edge profile) that 
acetonitrile does indeed coordinate to Cu(I) in this complex. 
 The refined simulation did, however, show an occupancy of 0.8 for an oxygen 
atom (at 1.947 Å) in 1b and a difference in the C-N(pyridine) distance and occupancy 
(between brackets), viz. 1.984 (2.1) and 2.014 (2.3) in 1a and 1b, respectively. One might 
think of Cu(II)2(OH)2 as a possible structure for the metal site in 1b. In the literature the 
following distances are reported for a Cu(II)2(OH)2 complex of L41H (See Chapter 1): a 
Cu-O(hydroxyl) distance of 1.938/1.962 (cf. 1.947 for 1b), a relatively long Cu-
N(pyridine) distance of 2.006/2.027 (cf. 2.014 for 1b), a Cu-N(amine) distance of 
2.034/2.028 (no significant contribution for 1b).50 However, no Cu-Cu distance could be 
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derived from the EXAFS, while a Cu-Cu distance of 3.082 Å has been reported for 
Cu(II)2(OH)2. Further evidence against the formation of a hydroxy complex was 
discussed above for the XANES results (see section 4.2.3.1). 
 Another factor that might play a role in the lack of change upon oxygenation is the 
fact that the measurements were carried out with the old type of XAS cell. This could lead 
to a less effective oxygenation or the formation of other copper oxygen complexes or 
intermediates (see above). Against this point argues the fact that significant shifts were 
observed in the case of 1a and 1b using the old type of cell in a different solvent, viz. 
acetone. 
 Simulations of the oxygenated complex 2b in acetone (Entry 4, Table 4-6) are 
depicted in Figure 4-22 D. The XANES has revealed that oxidation from Cu(I) to Cu(II) 
occurs upon addition of dioxygen to a solution of 2a in acetone, consistent with the 
disappearance of the 340 nm band in the UV-Vis spectrum. However, no distinct copper-
dioxygen bands were observed in the UV spectrum at 364 nm (indicative of a µ-η2:η2 
complex) nor at 550 nm (indicative of a trans µ-1,2 complex). The result of the single 
scattering simulations showed that there was a slight increase in coordination upon 
oxygenation. The intensity of the Fourier transform in the main shell at 2 Å showed a 
significant increase and refined simulations revealed that there are at most 2 of the 
3 possible pyridines, more possibly only one per copper ion (at 2.066 Å), along with one 
N-donor with a Cu-N(amine) of 2.241 Å, 2 oxygens at 1.952 Å, and a very close Cu at 
2.909 Å.  
 This result is not consistent with the geometry derived from the 
crystallographically characterized trans µ-1,2 peroxo Cu(II)2O2 complex of TPA51 (L29, 
Chapter 1), which has a Cu-Cu distance of 4.349 Å (cf. 2.909 for 2b), Cu-N(pyridine) 
distances of 2.024/2.104/2.102 Å (cf. 2.066 for 2b), and Cu-N(amine) of 2.104 Å (cf. 
2.241 for 2b) or with the crystallographically characterized Cu(II)2(OH)2 complex52 which 
has relatively short Cu-O(hydroxyl) distances of 1.938/1.962 Å (cf. 1.952 for 2b), 
relatively long Cu-N(pyridine) distances 2.006/2.027 Å (cf. 2.066 for 2b), relatively short 
Cu-N(amine) distances of 2.034/2.028 Å (cf. 2.241 for 2b) and a Cu-Cu distance of 3.082 
(cf. 2.909 for 2b). The observation from the above EXAFS data and the UV-Vis spectra 
both suggest that only 1 or 2 of the 3 pyridyl groups of the TPA unit are coordinated to 
copper. It is however, not clear what the precise structure of the complex is.  
 
4.3 Conclusions  
 
 PY2-appended receptors 1 and TPA-appended receptors 2 have been studied with 
low temperature UV-Vis spectroscopy and X-ray absorption spectroscopy. Furthermore, 
the potential of the new dual type setup for both XAS and UV-Vis experiments, as 
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described in Chapter 2, has been tested and the results have allowed us for the first time 
to correlate different spectroscopic data on one and the same oxygenated sample.  
 The dinuclear copper(I) complex of receptor 1 is capable of binding dioxygen at 
-80 °C to form the µ-η2:η2 Cu2O2 complex 1b, as confirmed by both UV-Vis and EXAFS 
experiments. Complex 1b was found to be only stable at -80 °C and warming up to higher 
temperatures resulted in a break down of the copper dioxygen complex, however not in 
decomposition of the receptor 1 itself. It was established by UV-Vis that complex 1b was 
stable at -80°C during vacuum and/or argon purging, and hence dioxygen is bound 
irreversibly. A dioxygen titration confirmed that the stoichiometry of 1b was Cu:O2. 
Studies of the dependence of the dioxygen binding to Cu(I) on the concentration of 1a 
revealed that this binding is intramolecular and not intermolecular, i.e. one molecule of 
dioxygen is bound by the two copper ions of one receptor molecule. Studies of the 
dependence of dioxygen binding to Cu(I) on the dioxygen concentration revealed that the 
rate of dioxygen binding is proportional to the dioxygen bubbling frequency.  
 XANES studies revealed that the oxidation state of 1a was Cu(I) and that of 1b  
Cu(II) and, furthermore, these studies showed that more consistent results are obtained 
with the new type of XAS cell as described in Chapter 2 than with the old type of cell. 
EXAFS studies showed that the structure of 1b contains an almost flat µ-η2:η2 Cu2O2 
moiety.  
 The presence of 30 vol.% of acetonitrile in THF turned out to effectively inhibit 
the oxygenation of 1a to 1b, probably due to coordination of a molecule of acetonitrile to 
the copper centre. This was concluded from the lack of features characteristic of 
oxygenation in the UV-Vis, XANES, and EXAFS spectra.  
 UV-Vis experiments on the copper complexes 2a and 2b revealed that the copper 
centre is oxidized as concluded from the loss of the Cu(I) band but that no new Cu(II) 
complex is formed, at least not one that can be attributed to a known copper dioxygen 
complex. Thus no formation of a either a µ-η2:η2, bis- µ-oxo or trans-µ-1,2 complex 
could be confirmed. 
 XANES experiments revealed a characteristic Cu(I) edge for 2a with a prominent 
pre-edge transition, in addition to a significant shift of the edge to higher energy upon 
oxygenation, consistent with the oxidation of Cu(I) to Cu(II) and confirming the results 
of the UV-Vis experiments. EXAFS showed that at most 2 of the 3 pyridyl groups of a 
TPA unit coordinate to copper, confirming the results obtained by NMR spectroscopy 
(Chapter 3).  
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4.4 Experimental   
 
For general materials and methods see Chapter 3.  
 
Standard UV-Vis experiment 
The UV-Vis setup was assembled as described in Chapter 2. The glass UV-chamber, containing a stirrer bar 
and a fibre optics probe for measuring UV-Vis data (see Figure 2-7), was deoxygenated by at least three 
alternating cycles of argon and vacuum purges. All solvents used for either UV-Vis or XAS experiments were 
distilled under nitrogen and transferred to the UV-Vis chamber under either nitrogen or argon. For a 
standard UV-Vis experiment, 20 mL of a solution of the complex to be measured was prepared in a Schlenk 
flask of 50 mL. This solution was subsequently introduced in the UV-Vis chamber under Schlenk conditions. 
UV-Vis scans were collected, using the fibre optics probe coupled to the UV-Vis spectrometer, between 
900 nm and 290 nm with a scan speed of 4800 nm per min. After recording an initial spectrum at room 
temperature, the solution of the copper complex of a receptor was cooled to –78 °C (over a time of 1.5 h) 
using a closed cycle cryostat as described in Chapter 2. Then, dioxygen was introduced through a needle in a 
septum and bubbled slowly through the cooled solution of the sample. The dioxygen uptake by the complex 
to be measured was followed in time, using cycle mode UV-Vis spectroscopy taking 30 scans, which started 
1 minute apart. After the uptake of dioxygen was completed, as determined by no further changes in the 
spectra, the flow of dioxygen was stopped. The oxygenated sample solution was then allowed to slowly warm 
up to room temperature. During the step of warming up, another cycle of UV-Vis spectra can be recorded to 
study the temperature dependence of the sample solution, while monitoring the internal temperature of the 
solution. 
 
Preparation of XAS samples with the new type of XAS cell 
The central part, viz. the sample chamber with windows, of a new type of XAS cell was assembled following 
Figure 2-8A and B. The UV-Vis setup was assembled and deoxygenated as described above. Subsequently, a 
sample solution was prepared and a room temperature scan of the deoxy complex was recorded as described 
above. Then, to prepare a deoxy XAS sample, the fibre optics probe was removed from the glass UV-Vis 
chamber and in its place the central part of a XAS cell was introduced (Figure 2-8B) through its inlet, while 
the XAS cell was connected via one of its filling inlets to a Hamilton syringe of 100 µL by means of a Teflon 
connector. The plunger of the syringe was then slowly lifted, thereby creating a vacuum within the XAS cell, 
allowing the sample chamber to be filled through a second filling inlet. After the XAS cell had been 
completely filled, the filling inlets were closed using Teflon caps and the XAS cell was frozen in liquid 
nitrogen until the XAS measurements were performed. To prepare an oxy sample, the fibre optics probe was 
replaced in the glass UV-Vis chamber, after which the solution was cooled to –78°C, while stirring. Then, 
dioxygen was introduced as described above, while monitoring the oxygenation by UV-Vis. After the flow of 
dioxygen was stopped, the fibre optics probe was removed again and a XAS cell was filled at -78 °C and 
frozen using the same procedure as described above. Subsequently, the thus prepared XAS cells were 
attached to the cell holders under liquid nitrogen (Figure 2-8C), stored in a filled Dewar vessel with liquid 
nitrogen for transportation, and mounted on the cryostat of the spectrometer under liquid nitrogen.  
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Preparation of XAS samples with the old type of XAS cell 
In line with earlier work18 we initially used a very simple XAS cell, consisting of an aluminium body 
(29x24x1mm) with a rectangular aperture (15x10 mm), forming the sample chamber (150 µL). Two 
rectangular pieces (windows) of Kapton (polyimide film) (24x18 mm) were glued on both sides of the cell 
surrounding the aperture using cyano acrylate glue (Permacol). Two radial perforations were provided 
through which the cell could subsequently be filled with a (cooled) solution of the sample. These perforation 
were then sealed by a small drop of glue (two-component UHU plus Schnellfest), after which the samples 
were rapidly frozen in liquid nitrogen to prevent leakages. They were stored in a filled Dewar vessel for 
transportation. Oxygenated samples were prepared by bubbling dioxygen through a dry ice cooled cell, filled 
as described above, for 30 seconds, after which it was closed with glue and frozen as mentioned above.  
    
Standard XAS experiments 
All experiments reported in this chapter were carried out at the European Molecular Biology Laboratory 
(EMBL) Outstation in the Hamburg Synchrotron Laboratory (HASYLAB) of the Deutsches Elektronen 
Synchrotron (DESY) in Hamburg, Germany using the EXAFS beamline. For fluorescence-mode measurements 
the detector was placed at an angle of 90° in the horizontal plane with respect to the radiation beam. The cell 
must be placed under an angle of 45° to the beam to allow fluorescence radiation to be collected onto the 
detector. The EXAFS scans were acquired around the Cu K-edge (8980 eV) between 8700 and 9700 eV. 
Between 15 and 50 scans per sample were taken, depending on the copper-concentration in the samples. The 
samples were kept at 20 K in the He exchange gas atmosphere of a closed-cycle cryostat during the 
measurements. The DORIS storage ring was operating at 4.5 GeV with currents between 143 and 70 mA. 
The station was equipped with a Si(111) double crystal monochromator (set to 50% of peak intensity to 
suppress harmonics),53 a focusing mirror, a CANBERRA 13 element solid-state fluorescence detector, and an 
energy calibration device.54 It was necessary to decrease the opening of the lateral slit to reduce contamination 
of the signal with Cu-contribution, which most likely arose from contaminants in the stainless steel of the cell.  
 
Data reduction and simulation of the EXAFS spectra  
Data reduction was carried out at the EMBL Outstation using the EMBL data reduction package,55 including 
the energy calibration programmes CALIB and ROTAX, the averaging programme AVERAGE, and the 
background subtraction programme REMOVE. Simulations were carried out on the UNIX computer 
BUTTHEAD at the EMBL Outstation, using the programme EXCURV98 developed at the CLRC 
Daresbury Laboratory.56,57 Phase shifts were calculated with EXCURV98 in the default (Hedin-
Lundqvist/von Barth) settings. Multiple scattering effects within the pyridine rings and the Cu2O2 unit were 
calculated in the default (small atom approach) settings.58 In the refinement of the simulations, restraints59 
based on the geometry of the pyridine unit18 were applied, and the Debye-Waller type factors of equivalent 
atoms in the multiple scattering units, such as C2 and C3, and C4 and C5 in the pyridine ring and the oxygens 
in the Cu2O2 unit, were kept at identical values. In the case of the Cu2O2 unit, a series of simulations were 
refined from starting points in which the geometry was varied from a flat diamond structure to a bent 
butterfly with a dihedral angle of 90°.18,11  
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Chapter 5  
 
Catalytic Oxidation Studies with Metal 
Complexes of Receptors 1 and 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
The catalytic activities of various metal complexes of PY2-appended receptor 1 
and TPA-appended receptor 2 were investigated. The receptors 1 and 2 were designed as 
mimics of dinuclear copper enzymes that can activate dioxygen and their oxidation 
reactivity towards substrates was studied. Several substrates were tested in these oxidation 
reactions. Phenolic substrates, which were studied with respect to aromatic hydroxylation, 
showed oxidative polymerization but no insertion of oxygen. The mechanism of this 
polymerization turns out to be a radical coupling reaction as was established by 
experiments with the model substrate 2,4-di-tert-butylphenol. In addition to Cu(II), also 
Mn(III) and Fe(II) complexes of receptors 1 and 2 were tested as oxidation catalysts. 
Oxidation of catechol was observed for the Cu(II) complex of receptor 1 but the other 
metal complexes did not give oxidation. 
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5.1 Introduction  
 
Catalytic oxidation reactions are crucial in Nature and are very important in 
industry.1 The demand for better and cleaner catalysts is continuously increasing and 
various approaches have been followed to satisfy this demand. Over billions of years 
Nature has optimised its catalysts, the enzymes, which are highly active and display 
excellent substrate selectivity.2,3 In recent years, supramolecular chemists have started to 
consider enzymes as a source of inspiration for creating biomimetic synthetic catalysts 
and they have combined catalytically active metal centres with a nearby substrate binding 
site.4 The use of various receptor sites for this purpose has been reported in the literature 
and an overview has been given in Chapter 1. The following sections will describe some 
of these literature examples, which are related to the oxidation reactivity of copper 
dioxygen complexes (5.1.1), Cu(II) complexes (5.1.2), Fe(II) complexes (5.1.3), and 
Mn(III) complexes (5.1.4).  
 
Figure 5-1. A) cyclodextrin-based mimic: Cu(II) complex of ligand L69; B) calixarene-based 
mimics, dinuclear Cu(II) complex of ligand L70 and Cu(I) complex of ligand L71; C) molecular 
basket-based mimics: dinuclear Cu(II) complex of ligand L7 and Rh(II) complex of ligand L9. 9,i
                                              
i L9 is strictly speaking not a mimic, since no hydrogenation Rh enzyme exists.  
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The receptor types that have been used include cyclodextrin,5 which will be 
discussed in more detail in Chapter 6 (L69; Figure 5-1A), calixarene (L70 and L71, 
Figure 5-1B),6,7 and molecular baskets (L7 and L9, Figure 5-1C).8,9 The basket type of 
molecular receptor has been designed by our group and is based on the molecule 
diphenylglycoluril. The catalytic activity of mimics based on the two new types of 
molecular baskets, 1 and 2 (Chapter 3), has been investigated and the results are presented 
in this chapter.  
Various transition metal complexes of 1 and 2 were prepared and the reactivity of 
these complexes was tested. In section 5.2.1 the catalytic reactivity of copper dioxygen 
complexes of 1 and 2 is described. The Cu(II) complexes of 1 and 2 were also tested 
(section 5.2.2.) and the latter was found to be active in catalytic oxidation. Furthermore, 
the oxidation reactivities of iron(II) and manganese(III) complexes of receptors 2 and 1, 
respectively, were tested and these studies are described in sections 5.2.3 and 5.2.4, 
respectively.  
 
Figure 5-2. Structures of various baskets (L8, 1, and 2) with metal binding ligands. 
 
5.1.1 Catalysis with copper dioxygen complexes  
 
The reactivity of synthetic copper dioxygen complexes is difficult to tune. Most 
synthetic copper dioxygen complexes undergo ligand oxidation, either by accident or by 
design, and many examples of this type of reactivity have been described in the literature 
(Chapter 1). Almost 20 years ago Karlin et al. reported on a copper(I) complex of two 
m-xylyl-linked PY2 units L41 (Figure 1-28). The dinuclear Cu(I) complex of L41 afforded 
µ-η2:η2 binding of dioxygen (Figure 1-20).10 This complex displayed hydroxylation of the 
m-xylyl spacer and was the first active mimic of dinuclear copper enzymes. More recently, 
Zhang et al. reported ligand oxidation, either N-oxo transfer or N-dealkylation, with a 
similar complex of ligand L43 comprising a diethyl benzylamine spacer (Figure 1-30).11 A 
molecular basket with m-xylyl spacers (L8, Figure 5-2), which was designed by our group, 
was found to activate dioxygen at low temperatures (Figure 1-6) and displayed oxidation 
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at the benzylic methylene group of the spacer forming the aldehyde of the ligand and 
PY2.12,13
Receptors 1 and 2 (Figure 5-2) have been designed to decrease the susceptibility of 
the ligand to oxidation, with the hope to retain the ability of the copper complexes to 
activate dioxygen (Chapter 3). The aim of the newly designed receptors is to obtain 
catalysts for substrate selective oxidation of exogenous substrates. 
Examples of oxidation of exogenous substrates that have been reported in the 
literature include hydrogen atom abstraction from dihydroanthracene (>80% anthracene) 
and 1,4-cyclohexadiene (>70% benzene) by a mixed µ-η2:η2/bis-µ-oxo copper dioxygen 
complex,14 aromatic hydroxylation of lithium phenolates to the corresponding catechols 
by a µ-η2:η2 copper dioxygen complex,15 radical coupling of phenolic substrates at the 
ortho- and para-positions, and catechol oxidation of 2,3-di-tert-butylcatechol by a 
benzimidazole-based µ-η2:η2 copper dioxygen complex.16 These examples have all been 
discussed in more detail in Chapter 1.  
The results of the oxidation studies using the copper dioxygen complex of 
receptor 1 is described in section 5.2.1. Previously in this thesis, the dioxygen binding 
behaviour of receptors 1 and 2 was discussed (Chapter 4). The Cu(I) complex of 
receptor 1 was found to be able to bind dioxygen, whereas the Cu(I) complex of 
receptor 2 was found not to give a well-defined copper dioxygen complex. It was decided, 
therefore, to focus on the oxidation reactivity of the copper dioxygen complex of 
receptor 1. 
 
5.1.2 Catalysis based on Cu(II) complexes  
 
Previously in our group, the stoichiometric oxidation of benzylic alcohols by a 
dinuclear Cu(II) complex of a pyrazole-appended receptor (L7, Figure 5-1) has been 
reported. A large rate enhancement was observed as a result of the selective binding of 
dihydroxybenzene guests in the cavity of the receptor. However, this reaction is 
stoichiometric and the aim of the present research is the development of catalysts that 
shows catalytic turnover. 
Catechol oxidase catalyses the oxidation of catechol to quinone and this reaction is 
identical to the second step in the catalytic cycle of tyrosinase (section 1.2.2). The crystal 
structure of catechol oxidase has been reported (Figure 1-19).17,18 The oxidation of  
3,5-di-tert-butylcatechol (DTBC) to 3,5-di-tert-butylquinone (DTBQ) is catalysed by two 
Cu(II) ions, which are reduced during this reaction (Figure 5-3 top left).19 The resulting 
Cu(I)2 complex is reoxidised to Cu(II)2 by dioxygen; no details on the interaction of O2 
and Cu in this reaction are known. This is in contrast with the reactions involving defined 
copper dioxygen complexes, as described in the previous section.  
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Figure 5-3. Catalytic oxidation of DTBC to DTBQ and structures of L72, L73, and L74. 
 
Neves et al. recently described a dinuclear Cu(II) complex involving two molecules 
of L72i (Figure 5-3), which binds and oxidises DTBC (TON 28).20 Gentschev et al. have 
reported on the oxidation of DTBC by a dinuclear Cu(II) complex of L73ii (TON 31.6). 
This complex has a dinuclear core, in which the two copper ions are each coordinated by 
two nitrogen atoms and a solvent molecule (acetonitrile) and are furthermore coordinated 
by the hydroxyl groups of both molecules of L73,  which bridge between the copper ions. 
The complex has a low Cu(II) coordination number (N3O2), with displacable acetonitrile 
molecules and a short Cu-Cu distance (2.918 Å) for optimal binding of catechol 
derivatives.21 A mimic with a larger number of coordinating amines (L74) and a larger Cu-
Cu distance (3.456 Å) was shown to be inactive. The catalytic oxidation of DTBC to 
DTBQ with Cu(II) complexes of receptors 1 and 2 will be discussed in section 5.2.2. 
 
5.1.3 Catalysis based on Fe(II) complexes  
 
Non-heme iron enzymes and peptides are often found in Nature in addition to the 
well-known heme enzymes and peptides.22, , ,23 24 25 The Fe(II) complex of the glycopeptide 
bleomycin (BLM) (L75 Figure 5-4) catalyses the degradation of DNA by oxidative 
cleavage and is clinically used in cancer treatment.26  
 
                                              
i L72: H3BBPPNOL: N,N’-(2-hydroxyphenyl)-N,N’-bis-(pyridyl-2-methyl)-2-hydroxy-1,3-propane diamine 
ii L73: (2-pyridylmethyl)-(1-hydroproply)amine 
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Figure 5-4. Structures of L75, L29, and L76. 
Five nitrogen donors from the ligand surround the Fe(II) ion, while one 
coordination position is available for dioxygen to bind.27 Activated bleomycin (ABLM) 
[Fe(III)BLM(OOH)] is formed by the reaction of the Fe(II) complex of BLM with 
dioxygen and a one electron reductor like ascorbate. Besides DNA cleavage BLM also 
oxidises olefinic substrates with iodosobenzene, dioxygen or peroxides as the oxidant.28 A 
more detailed description of non-heme iron enzymes together with their mimics based on 
cyclodextrin is presented in Chapter 6 and only a brief overview will be presented here.  
Synthetic models of non-heme iron enzymes have been reported over the last 15 
years. Que has described a Fe(III) complex of TPA (L29, Figure 5-4), which oxidizes 
cyclohexene to cyclohexanol (TON 3) and cyclohexane (TON 0.7).29 Recently, the Fe(II) 
complex of another ligand N3Py (L76, Figure 5-4) has been reported. Ligand L76  
coordinates to iron with three pyridyl ligands and one amine nitrogen, in a fashion similar 
to TPA. The oxidation of cyclooctene with L76 and hydrogen peroxide (50 equivalents) 
proceeds with TONs of 14 and 19 for cis-oxide and cis-diol, respectively.30 TPA shows a 
TON of 2-3 for both the epoxide and the cis-diol when 10 equivalents of hydrogen 
peroxide are used.31 The iron complex of receptor 2 was tested for its oxidation capacity 
with the above-mentioned substrates (section 5.2.3). 
 
5.1.4 Catalysis based on Mn(III) complexes32  
 
Manganese can be found in several classes of metallo-enzymes including: (i) 
superoxide dismutase (SOD), which converts superoxide to dioxygen and hydrogen 
peroxide,33 (ii) catalase, which degrades hydrogen peroxide to water and dioxygen,34 and 
(iii) the oxygen evolving photo system II, which oxidises two molecules of water to 
dioxygen and is found in green plants and algae.35 The structure of the manganese sites in 
these enzymes differs in all three cases. A mononuclear manganese site is observed in 
 154 
Catalytic oxidation studies… 
 
SOD. The metal centre cycles between MnII and MnIII.36 A dinuclear site is observed in 
catalase, which cycles between the MnII2 and MnIII2 oxidation states;37 while a tetranuclear 
manganese site is observed in photo system II.38  
The proposed reaction mechanism of manganese catalase starts with the binding 
of hydrogen peroxide to the MnIII-MnIII site (Figure 5-5A, top) and reduction to the 
MnII-MnII complex with oxidation of peroxide to dioxygen (bottom). Binding of a second 
molecule of hydrogen peroxide leads to loss of water and reoxidation of the dinuclear 
manganese site.  
Several mimics based on dinuclear manganese complexes have been reported in 
the literature involving either species with the oxidation states observed in the above-
mentioned enzymes,39 or species which contain an additional MnIV-oxo complex.40 
Reactivity found for synthetic dinuclear manganese complexes comprises epoxidation41 
and alcohol oxidation.42 Dinuclear complexes of 1,4,7-trimethyl-1,4,7-triazacyclononane 
(1,4,7-TACN, L77, Figure 5-5 inset) were tested by Unilever Research as bleaching agents 
in the detergent ‘Omo Power’. This turned out to be too strong an oxidant for practical 
purposes, causing fabric damage.43 It is however an active epoxidation catalyst with a 
TON of 400 for styrene.44,45 When hydrogen peroxide is used as the oxidant it is essential 
that the catalase activity of the manganese complexes is suppressed.46   
This suppression can be achieved by (i) working in acetone as a solvent, which 
leads to the formation of a perhydrate species47,i or (ii) by addition of co-catalysts, such as 
oxalate or ascorbic acid. Homolytic cleavage of hydrogen peroxide leads to radicals that 
can cause unselective side reactions, which can be minimized by tuning the ligand and 
oxidation conditions.48  
 
Figure 5-5. Proposed catalytic mechanism for manganese catalase; dinuclear Mn complex of  two 
molecules of L77 (inset). 
                                              
i perhydrate species: (CH3)2C(OH)(OOH) 
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Figure 5-6. Structures of ligands L78 and L79. 
 
In the group of Prof. Feringa at the University of Groningen a new type of 
binucleating ligand has been developed for the epoxidation of alkenes using manganese 
complexes. Two bis(2-methylpyridine)amine units were linked together using different 
spacers (L78i and L79ii, Figure 5-6). The length of the spacer is determining for the 
catalytic activity, since the ethylene-bridged ligand L78 is unreactive in epoxidation 
catalysis, whereas the propylene-bridged ligand L79 is active with a TON up to 582 for 
epoxidation of cyclohexene after four hours.32  
The oxidation of primary alcohols to the corresponding aldehydes is one of the 
key reactions in organic chemistry.49 It can be carried out by metal complexes with 
dioxygen or hydrogen peroxide as the oxidant. These metal complexes are often based on 
copper, e.g. the galactose oxidase mimic reported by Wang and Stack (Chapter 1).50 Our 
group has also reported a copper-based mimic that selectively catalyses the oxidation of 
3,5-dihydroxy benzylalcohol (Chapter 1).  
Manganese complexes of L77 (Figure 5-5, inset) are also active in the oxidation of 
benzyl alcohols using H2O2 with a TON ranging from 80 to 1000. The 
bis(2-methylpyridine)amine-based ligands described above have also been tested in 
alcohol oxidation.51 The ligand L79 displays a TON of 293 for benzyl alcohol after four 
hours, while L78 gives a TON of only 127.32 We decided to test a manganese complex of 
receptor 1 in both epoxidation and alcohol oxidation catalysis and the results are 
presented in section 5.2.4. 
 
                                              
i L78: N,N,N’,N’-tetrakis-pyridin-2-yl-methyl-ethane-1,2-diamine 
ii L79: N,N,N’,N’-tetrakis-pyridin-2-yl-methyl-propane-1,3-diamine 
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5.2 Results and discussion  
  
5.2.1 Catalysis with the copper dioxygen complex of receptor 1  
 
The reactivity of the µ-η2:η2 Cu2O2 complex of receptor 1 (1b) (Chapter 4) was 
tested with dihydroxybenzene substrates, which can bind selectively in the cavity of the 
receptor. The association constants (Ka in M-1) of complexes between various guests and 
clip or baskets (Structures depicted in Figure 5-7), which are known from the literature 
are summarized in Table 5-1.  
 
Table 5-1. Association constants of complexes between various hosts and guests as reported in 
the literature (in CDCl3). 
Receptor type  Host Guest Ka (M-1) Reference 
Clip L1 Resorcinol 2600 52, 53
Clip L1 Orcinol 1900 52, 53 
Clip L1 Olivetol 1500 52, 53 
Basket 7 Resorcinol 2900 54, 55
Basket 8 Resorcinol 2000 54, 55 
Basket L9 Resorcinol 3100 56
Basket L80 Olivetol 4500 57  
 
 
 
Figure 5-7. Various guests and hosts based on diphenylglycoluril. 
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From Table 5-1 it can be concluded that the binding of a guest is usually stronger 
in a molecular basket than in a clip. It can be estimated that the average association 
constant of the complex will be around 3000 M-1. This value is probably also applicable 
for the Cu(I) complex of receptor 1. The Ka’s of the copper complexes of receptor 1 have 
not been determined since these complexes are extremely air sensitive and because the 
oxygenated complex is only stable at -78 °C. 
The reactivity of the copper dioxygen complex of 1 in various types of oxidative 
reactions was tested. Benzylic hydroxylation, which is carried out in Nature by e.g. 
dopamine-β-hydroxylase, was tested with orcinol, which should afford 
3,5-dihydroxybenzyl alcohol or the corresponding aldehyde. In addition, the reactivity was 
tested with p-cresol, which should afford p-hydroxybenzyl alcohol or aldehyde.  
Furthermore, aromatic hydroxylation, which is carried out in Nature by e.g. 
tyrosinase, was tested with resorcinol, which should afford 1,3,5-trihydroxybenzene 
(phloroglucinol). The last type of oxygenation that was studied, is epoxidation, which is 
not carried out by copper enzymes but by iron enzymes in Nature, e.g. cytochrome P450. 
Epoxidation was tested with both limonene and styrene.  
Resorcinol, orcinol and their desired oxidation products contain multiple hydroxyl 
groups which makes GC analysis difficult. In order to overcome this problem silylation of 
the hydroxyl groups was carried out. A standard silylating agent (TMSCl and 
(TMS)2NH)58 has been used in previous research, 59 and although disilylation does occur, 
it is not quantitative. Therefore, another silylation reagent was tested, namely MSTFA 
(N-(1,1,1-trimethylsilyl)-2,2,2-trifluoroacetamide), which is more reactive.60
 
 
 
Figure 5-8. Substrates in oxidation reactions with 1b and possible oxygenation products. 
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Oxidation reactions with resorcinol were carried out at –80°C, in view of the 
instabi
results (entry 3). Oxidation of 
p-creso
ts 
(entry 
Table 5-2. Catalytic oxygenation experiments using the copper dioxygen complex 1b
lity of the Cu2O2 complex, using three different methods (see experimental section 
and Table 5-1). The first method entailed the formation of the Cu(II)2O2 complex prior 
to addition of substrate. The second method is similar, but the excess of dioxygen was 
removed before addition of the substrate by repeated vacuum/argon purges. The third 
method comprised the addition of substrate prior to addition of dioxygen. Oxidation of 
resorcinol was tested with method 1 and 2 (entry 1 and 2, respectively). Both experiments, 
unfortunately, gave only undefined brown products, which are most likely oligomeric or 
polymeric products, formed by radical coupling reactions.  
Oxidation of orcinol using method 3 gave similar 
l was tested using two different conditions with either five molar equivalents of 
substrate using method 2 (entry 4) or two equivalents of substrate using method 1 
(entry 5). In both cases in addition to p-cresol, a small broad peak was observed on GC, 
which however could not be attributed to the desired product 4-hydroxybenzaldehyde.  
Oxidation of styrene (2 equivalents) using method 2 gave no oxidation produc
6). Oxidation of limonene (5 equivalents) was tested with method 1 (entry 7) and 
method 3 (entry 8). No formation of the desired products was observed for either 
experiment. When 25 equivalents of ascorbate were added as a co-reductor (entry 9) many 
small peaks appeared at high retention times, none of which could be identified as the 
expected products, such as epoxide, di-epoxide and diol.  
 
. 
oducts Entry Substrate Equivalents of substrate Methoda Observed pr
1 Resorcinol 1 1 u.p.b
2 Resorcinol 3 2 u.p. 
3 Orcinol 3 3 u.p. 
4 p-cresol 5 2 u.p. 
5 p-cresol 2 1 u.p. 
6 Styrene 2 2 n.pc
7 Limonene 
ascorbate 5/25 
 1.4 TON dimer 
5 1 n.p. 
8 Limonene 5 3 n.p. 
9 Limonene/ 1 u.p. 
10 2,4-di-tbutyl phenol 5 1 
11 2,4-di-tbutyl phenol 100 2 10 TON dimerd
(a) Method wed by substrat thod 2: excess of O removal of  by 
s observed.  
 1: excess of O2 follo e; me 2,  excess followed
substrate; method 3: substrate followed by excess of O2. More details in experimental section. 
(b) u.p.= unidentified products observed ;  (c) n.p.= no products observed 
(d) After 3 hours at -80 °C a TON of 1 is observed, after warming up a TON of 10 i
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Figure 5-9. Radical carbon-carbon dimerization reaction. 
 radical coupling mechanism was thought to play a role in the above-mentioned 
oxidati
with 1b and 5 equivalents of 2,4-di-tert-butylphenol using 
metho
r catalysed polymerisations of phenols 
have b
 have published a review on the subject of oxidative 
phenol
the copper catalyzed polymerization (Figure 5-10).   
 
A
on studies with phenolic substrates, giving rise to unidentified oligomeric or 
polymeric products. In order to test if radical coupling indeed played a role, the substrate 
2,4-di-tert-butylphenol was used in the reaction. This compound is known to give the 
dimeric carbon-carbon coupling product,61 which is easily distinguished from the starting 
monomer by GC analysis.   
Catalysis was tested 
d 3 (entry 10). A colour change of light yellow to green/blue was observed after 
addition of O2, and after warming up the yellow colour returned. GC analysis of the 
reaction mixture revealed C-C coupling of 28 % accounting for a TON of 1.4 after 
warming up. When 100 equivalents of substrate were added a TON of 1 for C-C 
dimerisation was measured after three hours, while a TON of 10 for the C-C dimer was 
found after warming up of the reaction mixture to room temperature under an dioxygen 
atmosphere (entry 11). At low temperature the reaction is limited by the lack of dioxygen 
(excess of dioxygen was removed before addition of the substrate, cf. method 2) resulting 
in the relatively low TON of 1. Thus it can be concluded that radical coupling indeed 
takes place when phenolic substrates are utilized.  
In the literature many examples of coppe
een reported.62, ,63 64 The polymerisation of 2,6-di-tert-butyl-phenol via C-O coupling 
and C-C coupling on the para-position was first reported in 1959.65 In a later stage several 
copper complexes have been tested in this polymerisation reaction. A Cu(II) bipyridine 
complex was shown to afford a C-O coupled polymer (MW 13 kDa) and a  small amount 
(5%) of the C-C coupled dimer. 
Tsuchida and Yamamoto
 polymerisation in which a thorough overview is given of enzymatic reactivity as 
well as reactivity by model complexes. They describe a possible catalytic mechanism for 
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Figure 5-10. Possible catalytic mechanism for Cu-catalyzed oxidative polymerisation of phenol 
(adapted from reference 61). 
 this mechanism is the coordination of the substrate to the 
Cu(II) catalyst. Subsequent to coordination of dioxygen (2), a one electron transfer (3) 
from t
ion by binding of the phenolic hydroxyl groups of the substrates (e.g. 
resorci
 give the dimer with a TON of 10. 2,4-Di-tert-butylphenol has 
no add
 
The first step (1) in
he substrate to the Cu(II) takes place to give a radical substrate species and a Cu(I) 
catalyst. The substrate then dissociates and forms polymers (4). The Cu(I) catalyst is 
subsequently reoxidized to its active Cu(II) form (5) by dioxygen completing the cycle. 
The electron transfer (3) is the rate-determining step in this catalytic cycle. This radical 
coupling mechanism could also apply to the catalyst described above (1b) comprising a 
copper(I) dioxygen adduct, which can react with phenols to form radical coupled 
products.  
In the present research we expected to suppress this type of oxidative 
polymerisat
nol) to the carbonyl moieties of the receptor; thereby shielding these groups from 
the reactive copper site. From the results we obtained with 2,4-di-tert-butylphenol, we can 
conclude however, that oxidative polymerization does take place in the presence of the 
copper dioxygen complex of receptor 1. Both ortho- and para-positions of the phenolic 
substrates (e.g. resorcinol) are susceptible for coupling, and therefore both oligomers and 
polymers can be formed. 
With the test substrate (2,4-di-tert-butylphenol) we observed catalytic C-C coupling 
of a phenolic substrate to
itional reactive ortho- or para-positions, so that the reactions stops at the dimer 
stage. No C-O coupling was detected for this substrate, in contrast to what has been 
observed for 2,6-di-tert-butylphenol. Reports in the literature also describe only C-C 
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coupling with the substrate 2,4-di-tert-butylphenol.66,67 The reason for this difference in 
reactivity between the 2,4 and 2,6 substituted substrates is not mentioned in the literature.  
Based on the literature reported above it is possible that both C-C coupling and 
C-O c
5.2.2 Catalysis by a copper(II) complex of receptors  1
oupling take place when phenolic compounds (e.g. resorcinol) are used as 
substrates. These couplings may proceed via the same mechanism as depicted in 
Figure 5-10. We are forced to conclude that radical formation and 
dimerization/polymerization interferes with the intended aromatic and benzylic 
oxygenation.  
 
 and 2  
he oxidation of 2,4-di-tert-butyl-catechol (DTBC) to 2,4-di-tert-butyl-quinone 
(DTBQ
igure 5-11. Catalytic oxidation of 50 equivalents of DTBC using the Cu(II) complexes of 1
 
T
) was tested using the Cu(II) complexes of receptors 1 and 2. These complexes 
were prepared in situ by mixing one equivalent of the appropriate receptor with two 
equivalents of Cu(II) acetate monohydrate in a 1:1 (v/v) solvent mixture of CHCl3 and 
MeOH. The reactions were carried out at room temperature and as a control experiment 
the effect of Cu(II) acetate monohydrate on the oxidation of DTBC in the absence of a 
receptor was determined. The progress of the oxidation reaction was recorded by 
following the appearance of a distinct UV-Vis absorption band of DTBQ at 400 nm 
(ε = 17,402 M-1cm-1) in time.  
 
 
F  (left) 
and 2 (right), using Cu(II) acetate as control experiments, as monitored by the change in 
absorbance at 400 nm. 
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In the first step of the experiment an amount of 50 equivalents of substrate was 
added in one portion to the test solution containing the copper(II) complex of catalyst 1, 
the test solution containing the copper(II) complex of catalyst 2 and the control solution. 
Immediately after the addition of the substrate the band at 400 nm appeared, from which 
the concentration of DTBQ was calculated. The results are depicted in Figure 5-11, which 
shows the formation of DTBQ catalyzed by the copper(II) complexes of 1 (left) and 2 
(right) both with the control experiment as a reference. Each reaction was carried out in 
triplo (the error bars are depicted).  
From the left panel of Figure 5-11 it is evident that the conversion after 
80 minutes is about twice as high for the reaction with the copper(II) complex of 1 than 
for the control reaction. The difference in initial rate between the reaction with and 
without receptor 1 is even larger: the slopes of the progress curves after one minute are 
1.47 and 0.27 equivalents of DTBQ per minute, respectively. The copper(II) complex of 1 
thus displays catalytic oxidative activity of 2,4--di-tert-butyl-catechol. This could be due to 
the substrate binding that can occur in receptor 1. 
The extent of the conversion after 80 minutes for the reaction catalyzed by 
receptor 2 is the same as for the model reaction (Figure 5-11, right panel). The initial rate 
is however circa two times higher for the reaction with the copper(II) complex of 2 than 
for the control reaction (the slopes of the progress curves after one minute are 0.43 and 
0.27 equivalents of DTBQ per minute, respectively). At a later stage in the reaction the 
difference levels off and the extent of the reactions becomes the same.  
Several explanations can be given for the relatively high initial reaction rate of the 
Cu(II) complex of 1 compared to the subsequent slow phase. The initial reaction of the 
Cu(II) complex of 1 to the Cu(I) complex of 1 (and DTBC to DTBQ) is fast, but the 
reoxidation to the Cu(II) complex is slow. Such biphasic kinetics or “burst kinetics” has 
been observed before for supramolecular catalysts, for example in the case of the ester 
hydrolysis by Cu(II) complexes of imidazole-appended cyclophanes, where the catalyst is 
rapidly acylated but only slowly deacylated.68  
Another possible explanation is that the initially fast reaction is slowed down by 
product inhibition, i.e. by binding of the product in the cavity. Still another explanation 
may be the difference in copper ligation: the slow reoxidation of the Cu(I) complex of 
receptor 1 may be due to the difference in redox potentials of the Cu(II)/Cu(I) couple of 
copper acetate and of copper pyridine in receptor 1. The pyridyl groups have a high 
tendency to stabilize Cu(I), which slows down the reoxidation to Cu(II). In order to 
further study the factors underlying the difference in reactivity between Cu(II) acetate 
monohydrate and the copper centre in receptor 1, a test reaction with one equivalent of 
DTBC was carried out.  
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Figure 5-12. Stoichiometric conversion of DTBC catalyzed by Cu(II) acetate (open circles) and 
the dinuclear Cu(II) complex of receptor 1 (open squares) as monitored by the change in 
absorbance at 400 nm. 
 
As depicted in Figure 5-12 the TON with the Cu(II) complex of receptor 1 
reached the expected value of 1 within 15 seconds (Figure 5-12, squares). After that the 
absorption increased further, which is possibly due to interference of the LMCT band of 
the Cu(I) pyridyl complex with the DTBQ band at 400 nm. This LMCT band of the Cu(I) 
pyridyl complex has been shown to have a maximum absorption around 340 nm, with an 
observed extinction coefficient of approximately 3500 M-1cm-1 per Cu atom (Chapter 4). 
This value corresponds well to the values reported by Klein Gebbink for PY2-
dendrimers69 and PY2-receptors of 3250 and 2500-3000, respectively (Chapter 1).  
The contribution of the extinction coefficient of the LMCT band of the Cu(I) 
pyridyl complex at 400 nm is estimated to be approximately 1100 M-1cm-1 (Chapter 4). 
This contribution can however only partly explain the temporary ‘overshoot’ in the 
absorption band observed in Figure 5-12. It is not clear what the precise origin of the 
observed phenomenon is. 
After seven minutes the absorption of the band at 400 nm (Figure 5-12) started to 
decrease to the level corresponding to the formation of circa one equivalent of DTBQ, 
which level was reached after ~20 minutes. From the latter observation we can conclude 
that the initial oxidation resulting in stoichiometric conversion is fast but that the 
reoxidation of the catalyst from Cu(I) to Cu(II) is the rate limiting step for catalytic 
turnover. Furthermore, we can conclude that the reoxidation of Cu(I) acetate 
monohydrate is fast compared to the reoxidation of the Cu(I) coordinated to receptor 1. 
Following these first experiments, a titration of DTBC was carried out, in which 
four aliquots of each two equivalents of substrate were added to the reaction mixture 
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already containing 1 equivalent of substrate and 1 equivalent of either Cu(II) acetate or 
½ equivalent of the Cu(II) complex of 1 (this equals 1 equivalent of Cu(II) in 1) (as 
depicted in Figure 5-12). The aliquots were added every four hours and after 16 hours a 
total of 9 equivalents of substrate had been added.  
 
Table 5-3. DTBC conversion and initial rate of reaction, catalyzed by Cu(II) acetate and the 
dinuclear Cu(II) complex of receptor 1. 
Aliquot - a Firstb Secondb Thirdb Fourthb
Equiv. added  
Total equiv. (cumulative) 
1  
1  
2  
3 
2  
5 
2  
7 
2  
9 
Cu(II) complex of 1 
Initial rate (slope)  4.0 1.8 0.8 0.8 0.3 
TON at 80 min 1.0 2.0 1.7 1.7 ~1.4 
Conversion in % 100 100 85 85 ~70 
Cu(II) acetate  
Initial rate (slope) 4.2 5.7 5.0 5.0 5.4 
TON at 80 min 1.0 1.6 1.6 1.6 1.7 
Conversion in % 100 80 80 80 85 
(a) The results of the addition of the first equivalent of substrate is depicted in Fig. 5-12 
(b) The addition of the first, second, third and fourth aliquots is depicted in Fig. 5-13. 
 
The results are depicted in Figure 5-13 below and Table 5-3 above. The upper left 
panel of Figure 5-13 depicts the change in absorbance after the addition of the first 
aliquot of DTBC. The conversion to DTBQ catalyzed by 1 was found to be 100 % after 
20 minutes (control experiment: maximum conversion of 80 % after 4 min.). The upper 
right panel depicts the change in absorbance after the addition of the second aliquot of 
DTBC, showing a conversion of 85 % after 45 minutes (control experiment: maximum 
conversion of 80 % after 4 min.). The lower left panel depicts the change in absorbance 
after addition of the third aliquot of DTBQ, showing the same results as after the second 
aliquot. The lower right panel depicts the change in absorbance after the fourth and last 
aliquot of DTBC. The conversion was found to be ~70% after 75 minutes (control 
experiment: maximum conversion of 85 % after ~6 min.), indicating that the Cu(II) 
complex of receptor 1 decomposes in time.  
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Figure 5-13. Conversion of DTBC, catalyzed by Cu(II) acetate (open circles) and the dinuclear 
Cu(II) complex of receptor 1 (open squares), as monitored by the change in absorbance at 400 
nm. Upper left panel: addition of first aliquot of 2 equiv. of substrate. Upper right panel: addition 
of second aliquot of 2 equiv. of substrate.  Lower left panel: addition of third aliquot of 2 equiv. of 
substrate. Lower right panel: addition of fourth aliquot of 2 equiv. of substrate.   
  
 From these experiments it can thus be concluded that the Cu(II) complex of 
receptor 1 decomposes in time, possibly explaining the slower phase of the reaction using 
50 equiv. of substrate (see Figure 5-12) after a higher initial rate. At low concentrations of 
the substrate, the reactivity of the Cu(II) complex of 1 is slightly slower that that of the 
control experiment, possibly because of a better access of the substrate to the metal ion in 
the case of the control. However, in the case of the addition of a large excess of substrate 
at once (e.g. 50 equivalents, see above), the initial rate of the reaction catalyzed by 1 was 
higher than that of Cu(II) acetate. The reason for this difference is not yet clear. 
 
5.2.3 Catalysis of Fe(II) complex of receptor 2  
 
An Fe(II) complex of receptor 2 was prepared in order to study its epoxidation 
reactivity towards alkenes. Substrates based on 3,5-dihydroxybenzene are able to bind in 
the cavity of receptor 2. In order to achieve substrate, regio and/or stereo selective 
epoxidation, 3,5-dihydroxybenzenes having a vinylic of allylic group on its 1-position, are 
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considered as substrates for epoxidation. The oxidation reactivity of the Fe(II) complex 
of 2 needed first to be established for well-known substrates, such as cyclooctene (see 
below). The iron complex of 2 was prepared in situ using acetone as the solvent 
(0.44 mM). The formation of this complex was confirmed by electro spray mass 
spectrometry (Table 5-4).70 Subsequently, 1000 equivalents of cyclooctene and 
50 equivalents of hydrogen peroxide were added. The reactivity was measured after one 
hour by means of GC analysis of the reaction mixture.29,30,31 Unfortunately, the complex 
did not show any reactivity towards the substrate.  
 
Table 5-4. Results of electro spray mass spectrometry on the Fe(II) complex of receptor 2. 
Observed 
(MW) 
Charge #  ligand 
(MW 1481.7) 
# Fe ions 
(MW 55.8) 
Extra components Calculated 
(tot. MW/valence)
564.0 +3 1 (1481.7) 2 (111.6) ClO4- (99.5) 564.3 
412.0 +4 1 (1481.7) 2 (111.6) Na(23)a + MeOH(32) 412.1 
398.3 +4 1 (1481.7) 2 (111.6) - 398.3 
(a) Sodium ions can bind in the crown ether regions of 2. 
 
Epoxidation reactions catalyzed by Fe(II) complexes described in the literature are 
usually carried out in acetone as the solvent. However, in order to achieve selective 
epoxidation, binding of the substrate in the cavity of 2 is essential, requiring chlorinated 
hydrocarbons as the solvent. Therefore, the oxidation of cyclooctene by the Fe(II) 
complex of 2 needed to be established using dichloromethane as the solvent. An urea 
adduct of hydrogen peroxide71 was used as the oxidant instead of aqueous hydrogen 
peroxide in order to avoid water in the reaction mixture. Water will lead to a undesired 
decrease in the hydrogen bonding interactions, by which the target substrates are 
supposed to be bound in the receptor. This proved to be difficult due to lack of solubility 
of the Fe(II) complex in this solvent. Therefore, the reactivity of a suspension (0.44 mM) 
was tested but no changes in colour or any reactivity were observed.  
The next step in the approach towards selective epoxidation catalyzed by the 
Fe(II) complex of 2 is the synthesis of the desired substrates for selective epoxidation 
(1-allyl and 1-vinyl 3,5-dihydroxybenzenes). This synthesis according to a literature 
procedure72 proved to be extremely difficult and no pure products were obtained. 
Therefore, further testing of receptor 2 with Fe(II) complexes was stopped. 
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5.2.4 Catalysis with a Mn(III) complex of 1  
 
Epoxidation of alkenes was tested using Mn(III) complexes of receptor 1 as 
catalysts following a literature procedure.41,51 The catalyst solutions were prepared in situ 
from 0.1 mol % of the Mn(III) complex of receptor 1 and eight equivalents of hydrogen 
peroxide (relative to the substrate). Cyclooctene was used as a test substrate. Possible 
products of the oxygenation of cyclooctene are presented in Figure 5-14. Both mono- and 
dinuclear Mn(III) complexes of receptor 1 were tested and both were found to be inactive 
in epoxidation, since no products were observed.  
 
 
Figure 5-14. Possible oxygenation products in the epoxidation of cyclooctene. 
 
In a second set of experiments, alcohol oxidation was studied using three different 
substrates, viz. benzyl alcohol, p-methylbenzyl alcohol and 3,5-dihydroxybenzyl alcohol, 
and a 1 mM solution of either a mononuclear or a dinuclear Mn(II) complex of 
receptor 1. No formation of products was observed. 
As described in the literature overview in section 5.1.4, the Mn(III) catalysts that 
are normally used for epoxidation catalysis are based on two bis-(2-methylpyridine)amine 
units linked by a spacer of appropriate length (L79, Figure 5-15). In our case, the basket 
can be regarded as a special type of spacer that has the capacity of binding the substrate. 
However, the metal binding ligands in receptor 1 are bis(2-ethylpyridine)amines, 
containing one extra methylene groups in between the pyridyl group and the amino 
function (Figure 5-15, middle). This gives rise to a different coordination geometry and 
could account for the lack of reactivity of receptor 1 as compared to L79. This hypothesis 
can be easily tested by comparing a ligand that contains methylpyridyl groups with a 
ligand that contains ethylpyridyl groups. Ligand L79 meets the former requirements, 
while for the latter L81i was designed (Figure 5-15).  
 
                                              
i L81: N,N,N’,N’-tetrakis-pyridin-2-ylmethyl-propane-1,3-diamine 
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Figure 5-15. Ligands based on 2-methylpyridine and 2-ethylpyridine groups.  
 
Ligand L81 was prepared in cooperation with Dr. J. Brinksma at the University of 
Groningen, and the Mn(III) complex of this ligand was tested for activity at the 
laboratories in Groningen. No epoxidation activity was observed with the Mn(III) 
complex of L81 for any of the substrates tested, while L79 was reactive.i,32 From these 
results it can be concluded that bis(2-ethylpyridine) units are probably not suitable as 
ligands of Mn(III) in epoxidation reactions. To test if our type of receptor, with the 
substrate binding region, can be active in manganese catalysis, compound 1 needs to be 
altered. A new receptor was designed to meet that need, consisting of a basket with butyl 
spacers connected to two bis(2-methylpyridine)amino units (21, Figure 5-15). The 
synthesis of receptor 21 was described in detail in Chapter 3 and is very similar to the 
synthesis of receptor 1, the only difference being the spacer between the amino groups 
and the pyridyl groups. However, only a very small amount of 21 was obtained which was 
not sufficient for catalysis experiments.  
 
5.3 Conclusions  
 
Catalytic oxidation studies with various transition metals have been carried out 
using metal complexes of receptors 1 and 2. It was found that receptor 2 is only active as 
its Cu(II) complex in the catalytic oxidation of DTBC to DTBQ. In Chapter 4 it was 
shown that the dinuclear Cu(I) complex of receptor 2 can bind one of its ligand pyridyl 
arms in the substrate binding cavity. This inclusion phenomenon was not tested for the 
complexes of the other metals mentioned in this chapter but it is likely that it will occur as 
well. This inclusion may be the reason for the lack of reactivity of receptor 2 for most 
reactions tested.  
                                              
i Substrates tested: cyclohexene, cyclooctene, trans-2-octene, trans-4-octene, 1-decene, cinnamylalchol. 
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The Cu(I)2O2 complex of receptor 1 is active in the radical C-C coupling of 
2,4-di-tert-butylphenol and shows a TON of 10 for the formation of the dimeric product. 
This result also provides evidence for the presence of a radical oxidation process in the 
reactions with other phenolic substrates. No oxygenation activity towards the ligand itself 
or toward exogenous ligands was observed for the copper dioxygen complex of 
receptor 1. This lack of oxygenation is the result of the fact that radical coupling reactions 
prevail. 
This radical coupling also leads to the formation of oligomeric and polymeric 
products in the case of 3,5-dihydroxybenzen substrates. The formation of these polymeric 
products is due to the same reaction as the formation of the dimer of 2,4-di-tert-
butylphenol. The coupling reaction takes place at the ortho- and para-positions and in the 
case of 2,4-di-tert-butylphenol only one of these position is available and hence dimers are 
the only product formed. In the case of 3,5-di-hydroxybenzene substrates more positions 
are available for coupling, leading to the formation of polymeric structures. This reaction 
prevents any oxygen insertion in the phenolic substrate. A possible solution for this 
problem is the use of another receptor, as will be discussed in Chapter 6. Comparing our 
results with those of the biological systems mentioned in the introduction section, i.e.  
galactose oxidase, dopamine-β-hydroxylase, tyrosinase, catechol oxidase, and laccase, we 
may conclude that in our model systems catechol oxidase activity together with laccase 
activity takes place.  
No reactivity was observed in the case of the Mn(III) complexes of receptor 1, in 
epoxidation nor in alcohol oxidation. This was found to be due to the structure of the 
receptor, since in model reactions ligands with bis(2-ethylpyridine)amine units were found 
to be unreactive in contrast to ligands with bis (2-methylpyridine)amine units.  
Furthermore, no reactivity was observed for the Fe(II) complexes of receptor 2, 
which is probably due to solubility problems. 
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5.5 Experimental  
 
General materials and methods have been described in chapter 3. GC analysis was carried out in 
several experiments and the reference number of the gas chromatograph used will be mentioned in each 
separate experiment:  
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GC 1) Varian 3800 instrument with a Supelco fused silica capillary column (15m length, 35 µm ED, 
df 1.0 µm) containing a FFAP stationary phase, data were analysed with Varian Star 5.2 software.  
GC 2) HP 5890 Series II gas chromatograph with a HP-1 cross-linked methyl silicone gum (25 m length, 
32 µm ED, df 0.17 µm) and a HP 3396 II integrator. 
GC 3) HP 5890 Series II gas chromatograph with a CP-wax 52 series CB fused silica column and a HP 
3396 II integrator. 
GC 4) HP 6890 Series with a non-polar HP 5 - 5% phenyl-methylpolysiloxane column. Data were 
analysed using Chemstation software. 
 
Catalytic experiments with Cu(I) complexes of receptors using three different methods 
Method 1: A pale yellow solution of 2 equiv. of [Cu(I)(CH3CN)4](ClO4) and 1 equiv. of receptor was 
prepared in situ and cooled to -80 °C. Dioxygen was bubbled through the solution for 10 min. and the 
resulting solution was dark yellow/brown. Subsequently, substrate was added.  
Method 2: A pale yellow solution of 2 equiv. of [Cu(I)(CH3CN)4](ClO4) and 1 equiv. of receptor was 
prepared in situ and cooled to -80 °C. Dioxygen was bubbled through the solution for 10 min. and the 
resulting dark yellow/brown solution was subsequently treated with 3 nitrogen/vacuum cycles to remove 
excess of dioxygen from the solution followed by addition of substrate.  
Method 3: A pale yellow solution of 2 equiv. of [Cu(I)(CH3CN)4](ClO4) and 1 equiv. of receptor was 
prepared in situ and cooled to -80 °C. Substrate was added to the solution and subsequently dioxygen was 
bubbled through the solution for 10 min.. 
 
Catalytic experiment with Cu(II) complex of receptor 
For the experiment with 50 equiv. of substrate a solution was prepared by dissolving 0.144 mg or 
0.148 mg of receptors 1 and 2, respectively, in 1 mL of chloroform and 0.8 mL of methanol. A stock 
solution of Cu(II) acetate monohydrate was prepared by dissolving 0.56 mg of Cu(II) acetate 
monohydrate in 1.4 mL of methanol and sonicating until it dissolved. An aliquot of 100 µL of the Cu(II) 
solution was added to the ligand solution. The absorption at 400 nm was recorded and subsequently 
100 µL of a stock solution of 11 mg of DTBC in 1 mL of methanol was added. A total solution of 2.0 mL 
was obtained with a Cu(II) concentration of 1 x 10-4 M and a ligand concentration of 0.5 x 10-4 M. The 
formation of DTBQ was recorded by measuring the change in absorbance at 400 nm in time. The 
experiments with 1 equiv. of DTBC and the titration with DTBC were carried out in a similar fashion, 
only changing the amount of substrate added. 
 
Dihydroxybenzene derivatives  
Silylation of dihydroxybenzenes was carried out by treating an aliquot of 50 µL of a 
solution of the substrate (1 mg/mL) with 25 µL MSTFA (N-methyl-N-(trimethylsilyl) 
trifluoroacetamide). After stirring for a few minutes the products were tested on GC 1 
with the following temperature program: 80 (0)-5-230 (0) (total time of program: 
30 min); the disilylated products were also tested by GC/MS to check the assignment. The retention times 
of the compounds were di-silylresorcinol (11.2 min); di-silylorcinol (12.7 min); tri-silyl-
1,3,5-trihydroxybenzene (17.1 min); tri-silyldihydroxybenzylalcohol (19.0 min); and tri-
silyldihydroxybenzoic acid (21.2 min). In a catalysis experiment, the MSTFA was added to an aliquot of 
the reaction mixture. This aliquot was passed over a short column of activated alumina (III) in order to 
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remove the metal-complex; the resulting solution was injected on GC 1 to determine which products were 
formed. 
 
p-cresol  
GC analysis of p-cresol was carried out on GC 1 with the following temperature program: 90(0)-
5-190(60) (total time of program: 80 min). The retention times of the compounds were: p-cresol 
(16.1 min) and 4-hydroxybenzaldehyde (53.0 min). Copper was removed from the receptor by 
washing the dichloromethane reaction mixture with aqueous ammonia or by sonication of the 
evaporated reaction mixture with methanol.  
 
2,4-di-tert-butylphenol  
GC analysis of 2,4-di-tert-butylphenol and of the ortho-coupled dimer was carried out 
on GC 2 with the following temperature program: 100(0)-15-250(10) (total time of 
program: 20 min). The retention times of the compounds were: di-tert-butylphenol 
(4.5 min) and radical coupled dimer (10.5 min). An aliquot of the reaction mixture was 
passed over a small column of activated alumina (III), which was rinsed with 1 vol. of 
methanol. The resulting solution was injected on GC to determine which products 
were formed. 
 
Styrene  
GC analysis of styrene and styrene oxide was carried out on GC 1 with the following 
temperature program: 70(0)-5-190(6) (total time of program: 30 min). The retention times of 
the compounds were: styrene (3.7 min) and styrene oxide (10.5 min). In order to measure a 
precise amount of styrene a solution in dichloromethane was prepared. To remove all 
dioxygen, this solution was deoxygenated by repeated freeze-pump-thaw cycles after which the 
styrene solution was added to the solution of metal complex. After reaction, an aliquot of the reaction 
mixture was passed over a small column of activated alumina (III), which was rinsed with 1 column vol. of 
acetone. The resulting solution was injected on GC to determine which products were formed. 
 
Limonene  
GC analysis of limonene and limonene oxide was carried out on GC 1 with the following 
temperature program: 90(0)-5-190(60) (total time of program: 80 min). The retention time of 
the compounds were: S-limonene (2.78 min), R-limonene (3.05 min), cis-oxide (6.9 min), and 
trans-oxide (7.1 min). The solvent used was acetone. After warm-up the reaction mixture was 
passed over a small column of activated alumina (III), which was rinsed with several column 
vol. of acetone. The resulting solution was injected on GC to determine which products were 
formed. 
 
Epoxidation experiments using Fe complexes 
These experiments were carried out according to a literature procedure.30 A Fe(II) complex was 
prepared in situ by preparing a solution of receptor 2 (0.44 mM) and Fe(ClO4)2 (0.88 mM) in 2 
mL of acetone. To this were added 1000 equiv. of cyclooctene and 500 equiv. of 
bromobenzene as an internal standard. After stirring under nitrogen in an ice bath for a few minutes, 
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50 equiv. of hydrogen peroxide were added. After four hours, the reaction was stopped by passing the 
reaction mixture over a short (1 cm) silica column, which was rinsed with 4 x 1.5 mL of diethyl 
ether/EtOH (9:1). The resulting solution was concentrated to 2 mL by a nitrogen flow and the products 
were analysed on GC 3 with a temperature program of 100(5)-10-200(0)-50-250(4) (total time of program: 
20 min). The above experiment was repeated with dichloromethane as the solvent, however the iron 
complex is not soluble in this solvent and hence a suspension is obtained. This suspension was tested in 
the same way as the solution described above, except that an urea adduct of H2O2 was used instead of 
aqueous H2O2. No oxidation products were however, observed. 
 
Epoxidation experiments using Mn complexes 
These experiments were carried out according to a literature procedure.73 A Mn(III) complex 
was prepared in situ by mixing 1 or 2 equiv. of Mn(OAc)3·2H2O with 1 equiv. of receptor 1 in 2 
mL of acetone. To this were added 1000 equiv. of cyclooctene and 500 equiv. of 
bromobenzene as an internal standard. After stirring under nitrogen in an ice bath for a few minutes, 
8000 equiv. of hydrogen peroxide were added. After four hours, the reaction was stopped by passing the 
reaction mixture over a short (1 cm) silica column, which was rinsed with 4 x 1.5 mL of diethyl 
ether/MeOH (9:1). The resulting solution was concentrated to 2 mL by a nitrogen flow and the products 
were analysed on GC 3 with a temperature program of 100(5)-10-200(0)-50-250(4) (total time of program: 
20 min).  
 
Alcohol oxidation  
The experiments were carried out according to a literature 
procedure, in both acetone and dichloromethane.32 A 1 mM 
solution of a dinuclear or mononuclear Mn(II) complex of 
receptor 1 was prepared in situ by mixing 1.44 mg (0.5 mmol) or 
2.88 mg (1.0 mmol) of 1, respectively, with 0.54 mg (1 mmol) of 
Mn(III) acetate dihydrate in 2 mL of solvent and sonicating for 10 minutes. To this solution was added 
internal standard (500 equiv.) and substrate (1000 equiv.) (as a solution or as a solid). The resulting 
solution/suspension was cooled in ice and 5000 equiv. of hydrogen peroxide (470 mg of H2O2-urea 
adduct) were added. After stirring for 2 hrs an aliquot (of the reaction mixture) was taken and in the case 
of benzyl alcohol and p-methylbenzyl alcohol this was passed over a small (1 cm) silica column. In the case 
of 3,5-dihydroxybenzyl alcohol, 1 mL of diethyl ether and circa 300 µL of MSTFA were added to the 
aliquot, and after standing for 5 minutes the reaction mixture was passed over a small (1 cm) silica 
column. All columns were rinsed with 4 x 1.5 mL diethyl ether/MeOH (9:1 v/v). The resulting solutions 
were concentrated under a nitrogen flow to 2 mL and analysed by GC 4. An additional 5000 equiv. of 
hydrogen peroxide (urea adduct) were added to the reaction mixture and the reaction was stopped after 
4 hrs. The work up and analysis were repeated.  
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 Chapter 6  
 
Cyclodextrins as Receptors for Enzyme 
Mimics  
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
Cyclodextrins are cyclic carbohydrate oligomers comprising a hydrophobic cavity, 
which can be used to bind hydrophobic molecules in water. They are frequently used as a 
substrate binding site for enzyme models. In this chapter the design and synthesis of 
several synthetic models containing cyclodextrins are reported. The design of 
PY2-appended cyclodextrins for the complexation of one or two copper ions is presented 
along with attempts to prepare these compounds. Furthermore, the design and synthesis 
of a TPA-appended cyclodextrin for complexation of either copper or iron centers is 
described. Various 1D and 2D NMR techniques have been used to study the structure of 
the synthesized mimics. In addition, preliminary catalytic experiments with an Fe(II) 
complex of a TPA-appended cyclodextrin is reported. Oxidation of norbornene was 
catalyzed by the above mentioned iron complex in mixtures of organic solvents, resulting 
in a twofold rate enhancement.  
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6.1 Introduction   
 In the previous chapters of this thesis receptors based on molecular baskets have 
been studied as enzyme mimics. These molecular baskets are selective receptors for 
1,3-dihydroxybenzene guests in organic solvents. In order to explore a different substrate 
selectivity in a different solvent environment, a different type of receptor was selected. In 
the present chapter the use of β-cyclodextrin-based receptors as components of 
biomimetic catalysts is described. Cyclodextrins are cyclic carbohydrate oligomers 
consisting of either six (α-cyclodextrin), seven (β-cyclodextrin), or eight (γ-cyclodextrin) 
α−D-glycopyranose units (Figure 6-1).1,2,3 Cyclodextrins have the shape of a truncated 
cone and their cavities are capable of binding hydrophobic guests in water by means of 
hydrophobic interactions.4,5 A more detailed description of cyclodextrins and their 
binding behaviour is presented in the literature overview in Chapter 1. 
 The 21 hydroxyl groups of β-cyclodextrin can be divided into three discrete sets of 
seven hydroxyl groups each. The first set consists of seven primary OH-groups (at C-6) 
on the narrow side (primary side) of the molecule. These are the most reactive of all the 
hydroxyl groups present in the molecule. Furthermore, two sets of seven secondary OH-
groups (C-2 and C-3) are present on the wider side (secondary side). The reactivities of 
the three sets of OH-groups show remarkable differences. While the primary OH-groups 
are the most nucleophilic, the secondary OH-groups at C-3 are the least reactive. The 
secondary OH-groups at C-2 are the most acidic and the most reactive of the secondary 
hydroxyl groups due to the presence of intramolecular hydrogen bonds and the electron 
withdrawing acetal function at C-1. This difference in reactivity can be employed in the 
synthetic functionalisation of the cyclodextrin receptor. 
 
Figure 6-1. Various representations of the structure of cyclodextrins.  
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 6.1.1 Metal complexes of cyclodextrins 
 
Several reports in the literature describe the covalent attachment of metal binding 
ligands to cyclodextrin molecules. Armspach has reported an α-cyclodextrin with two 
metal binding ligands attached to two of the hydroxyl groups on the primary side. Either 
two amino groups to complex PtCl2 (L82, Figure 6-2)6 or two diphenyl phosphine ligands 
to complex Pd(II) or Pt(II) (L83) have been attached.7 The remaining hydroxyl groups on 
the primary side and on the secondary side have been permethylated, which renders the 
cyclodextrin more flexible since the interglucose hydrogen bonding network is disrupted 
(Chapter 1).  
When a cyclodextrin contains two similar substituents, several regioisomers can 
exist, as a result of the fact that a cyclodextrin contains 6-8 units. The units are usually 
denoted by separate letters, e.g. A-G for β-cyclodextrin. Disubstitution patterns can be 
A,B, wherein the two substituents are on adjacent carbohydrate units, A,C, wherein there 
is one carbohydrate unit separating the two substitutents, or A,D, wherein two opposite 
units are substituted. Examples of Zn complexes of imidazole-appended cyclodextrins 
date back to the seventies and eighties.8  
Another example of a metal complex of a cyclodextrin is the histamine-appended 
β-cyclodextrin L83 which forms a Cu(II) complex, wherein Cu(II) is coordinated by one 
amino group and one imidazole nitrogen atom.9 This Cu(II) complex stereoselectively 
binds aromatic amino acids. The amino acids coordinate to the Cu(II) ion by their -COO- 
and –NH2 groups. This complexation to Cu(II) can be either cis or trans with respect to 
the amino group of the host and the amino group of the guest (Figure 6-2). The cis 
complexation is preferred,10 and this preference for cis is the basis of the stereoselectivity 
of the host. In the cis-complex of L-tryptophanate the aromatic moiety of 
L-tryptophanate is located inside the cavity of the cyclodextrin, giving additional 
stabilization to the cis-complex; in the trans-form the aromatic moiety of L-tryptophanate 
points away from the cavity (Figure 6-2, middle). In contrast, using D-tryptophanate, the 
cis-form the aromatic moiety is not located in the cavity, whereas in the trans-form the 
aromatic moiety it is (not shown). Since binding of L-tryptophanate combines two 
favourable factors, viz. the cis-coordination together with the complexation of the 
aromatic moiety, this isomer is favoured over D-tryptophanate.  
A further example is a permethylated β-cyclodextrin with two adjacent phosphine 
ligand sets L85, which affords platinum or rhodium complexes that are active in 
asymmetric hydrogenation.11,12
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Figure 6-2. Cyclodextrins with appended metal ion complexes, L82,6 L83,7 L84,9 and L85.12  
 
Figure 6-3. Metal complexes of ligands comprising multiple β-cyclodextrin molecules. The 
cyclodextrin molecules are attached either at their primary (prim) or secondary (sec) sides. 
A) Ru(III) complex of three molecules of L86 with two (sec) cyclodextrins each;14 B) Eu(III) 
complex of L87 with four (prim) cyclodextrins,16 C) Cu(II) complex of L12 with two (prim) 
cyclodextrins;19 D) Mn(III) complex of L11a with four (prim) cyclodextrins;17 and E) Cu(II) 
complex of deprotonated L13 with two (prim) cyclodextrins at pH 9.20  
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 Metal complexes comprising more than one cyclodextrin molecule have been 
reported by Nelissen of our group.13 A metal binding bipyridine ligand has been used to 
link two cyclodextrin molecules. Using this bipyridine-linkned cyclodextrin dimer a 
Ru(III) complex incorporating six cyclodextrin units has been formed (L86, 
Figure 6-3A).14,15 Several other metal complexes comprising multiple cyclodextrin 
molecules have been reported in the literature. In one example, four cyclodextrins have 
been attached to a cyclam ligand to form L87 (Figure 6-3B)of which the Eu(III) complex 
is reported to show luminescent behaviour.16 Breslow has described a Mn(III) complex of 
ligand L11a (Figure 6-3C) consisting of a porphyrin appended with four β-
cyclodextrins.17,18 This Mn(III) complex was capable of hydroxylating substrates. Another 
mimic reported by Breslow is based on the bipyridyl linked β-cyclodextrin dimer L12.19 
The Cu(II) complex of L12 (Figure 6-3D)binds esters containing two hydrophobic groups 
and catalyses the hydrolysis of these compounds. Jeon has reported esterase activity for 
the Cu(II) complex of the β−cyclodextrin dimer L13 (Figure 6-3E), which is linked by an 
amino pyridine ligand.20 A more detailed description of these catalytic cyclodextrin 
derivatives is given in Chapter 1. 
 
6.1.2 Catalysis in water  
 
The aim of the research described in the present chapter is to achieve oxidation 
catalysis in water with synthetic catalysts that are true mimetic systems of enzymatic 
catalysis. In addition to water-soluble complexes comprising cyclodextrins, also water-
soluble complexes based on calixarenes have been reported. Calixarenes are cyclic 
structures with either four or six aromatic units. A Rh(II) complex of a 
phosphacalix[4]arene (L88, Figure 6-4A) has been reported in the literature.21 This 
complex is active in a biphasic (organic/aqueous) hydroformylation reaction and acts as a 
catalyst as well as an inverse phase transfer agent. Furthermore, a water stable Cu(I) 
complex of an imidazole appended calix[6]arene L89 (Figure 6-4B)has been reported.22 
Very recently, a sulphonated tris(2-methylpyridine)amine L90 (Figure 6-4C) has been 
published, of which the Fe(II) complex catalyses the intradiol cleavage of catechol in 
aqueous media.23 Another example of a catalysts for aqueous organometallic chemistry is 
described in ref. 24. 
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Figure 6-4. Water-soluble metal complexes. A) Rh(II) complex of L88 (9 Na++H+ or 10 Na+);  
B) Cu(I) complex of L89;  and C) Fe(II) complex of L90.  
 
6.1.3 Goal of the research  
 
 Two separate topics are described in this chapter, viz. copper dioxygen chemistry 
as also discussed in the previous chapters and oxygen transfer by iron complexes in an 
aqueous environment. In both topics cyclodextrin molecules are used as the receptor 
parts in the synthetic enzyme mimics. An introduction to the field of copper dioxygen 
chemistry has been presented in Chapter 1, while oxygen transfer with iron complexes has 
been shortly mentioned in Chapter 5 and will be presented in more detail below.  
The work on iron containing cyclodextrin mimics was part of a collaborative 
project with Dr. M. Klopstra from the group of Prof. Feringa at the University of 
Groningen. The Feringa group aimed at the development of a cyclodextrin host that was 
appended with a N4Py ligand (L91, Figure 6-5) in order to obtain a mimic of bleomycin 
(Chapter 5), that was capable of oxygen transfer in water. However, they encountered 
serious difficulties in the synthesis of the N4Py appended cyclodextrin.  
In order to achieve the goal of synthesising both a copper and an iron-based 
enzyme mimic, we focussed on PY2-appended and TPA-appended cyclodextrins,i 
schematically represented by L92 and L93 (Figure 6-5). Both ligands can be used for 
preparing Cu(I) complexes that can be tested with respect to their binding properties and 
activation of dioxygen as well as subsequent substrate oxidation. Ligand L93 can in 
addition be used for preparing Fe(II) complexes to study oxygen transfer by hydrogen 
peroxide in water.  
                                              
i PY2: bis[2-(2-pyridyl)-ethyl]amine; TPA: tris(2-methylpyridyl)amine 
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Figure 6-5. Schematic representation of the N4PY-appended cyclodextrin L91; PY2-appended 
cyclodextrin L92; and TPA-appended cyclodextrin L93.  
 
 We reasoned that the metal binding ligand should be preferably linked to 
the wider, secondary side, of the cyclodextrin molecule. This side of the cavity is larger 
and hence better suited for the binding of substrates. Previously Venema and Nelissen of 
our group have reported the synthesis of cyclodextrins modified on their secondary sides 
with one or two amino or amino alkyl groups.25 These amino functionalities allow easy 
modification with metal binding ligands, for example PY2 or TPA.  
 In view of the foregoing, we decided to synthesize two types of synthetic models 
based on a cyclodextrin molecule. The first target molecule is the PY2-appended 
cyclodextrin 23a, in which the metal binding ligand is attached to the secondary side of 
the cyclodextrin molecule via an aliphatic spacer (Figure 6-6A). This compound was 
expected to be readily accessible since a cyclodextrin, modified with an aliphatic amine 
was available (See above) and the reaction of an aliphatic amine with 2-vinylpyridine to 
yield PY2-appended ligands had never failed before in our group. It has been used for 
many of the ligands reported by Karlin and described in Chapter 1, e.g. L41.26 In addition 
the high pressure addition has been used by Klein Gebbink and Bosman for the synthesis 
of the PY2-appended dendrimer L62 (Chapter 1).27  
 
 
Figure 6-6. Target molecules. (A) Formation of a dinuclear copper dioxygen complex by binding 
of a ditopic guest. (B) TPA-appended cyclodextrin as a non-heme iron mimic. 
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It can be envisaged that upon oxygenation of the Cu(I) complex of 23a, a 
dinuclear copper dioxygen complex similar to the complexes described in Chapter 1 and 
Chapter 4 is formed. The formation of such a complex can possibly be accelerated by the 
binding of a ditopic guest, consisting of two binding units linked by a spacer, preferably 
liable to oxidation. This ditopic guest will bring the two copper(I) ions in close proximity 
(Chapter 1). The dioxygen molecule would then be positioned in such a way that 
activation and oxygenation reactivity towards the spacer of the ditopic guest is possible. 
The ultimate goal would be the cleavage of the bound ditopic guest by the activated 
dioxygen, disrupting the preorganisation of the dinuclear copper complex. This would 
stimulate the expulsion of the product and binding of a new ditopic guest for another 
catalytic cycle. Various attempted synthetic routes to obtain 23a are described below.  
The second target molecule was a TPA-appended cyclodextrin 23b, in which the 
metal binding ligand is attached to the secondary side of the cyclodextrin molecule by a 
aliphatic spacer (Figure 6-6B). The Fe(II) complex of 23b can be tested for the activation 
of hydrogen peroxide and subsequent oxygen transfer to substrates as a mimic of non-
heme iron enzymes. The synthesis and characterisation of 23b is described hereafter.  
 
6.2 Results and discussion  
 
6.2.1 Synthesis  
 
The synthesis of both 23a and 23b starts from singly aminopropyl appended 
β−cyclodextrin 26. The aminopropyl group of 26 was attached to one of the C2-OH 
groups on the secondary side, since these are more reactive than C3-OH groups (see 
above). The synthesis of 26 is shown in Scheme 6-1. First the primary alcohol functions 
of the cyclodextrin molecule were protected with tert-butyldimethylsilyl chloride 
(TBDMS-Cl), since they are the most reactive hydroxyl groups, to afford 24.28 Then one 
azidopropyl group was attached in two subsequent steps: i) selective deprotonation with 
sodium hydride and ii) reaction with azido-3-tosyloxy-propane to give azide 25 in a yield 
of 22%.29 This compound was quantitatively reduced to amine 26 by catalytic 
hydrogenation using palladium hydroxide on carbon.  
In order to obtain TBDMS-protected 23a a double Michael addition of 
2-vinylpyridine under high pressure conditions was attempted with 26 as described for 
receptor 1 in Chapter 3 and mentioned above. However, no product could be obtained 
and only undefined polymer products of 2-vinylpyridine were formed. It is possible that 
(self) inclusion of either a pyridyl group of 2-vinylpyridine or the aminopropyl moiety of 
the cyclodextrin in the cavity of the latter takes place, thus preventing the reaction. To test 
this hypothesis, ten equivalents of 1-adamantol were added to the reaction mixture in 
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order to prevent this type of self-inclusion. The desired product was, however, still not 
obtained. The reaction was repeated with toluene as a guest, but again no products were 
obtained. It is therefore likely that the reactivity of the amino group in the cyclodextrin 
molecule is impaired by other factors.  
 
 
 
Scheme 6-1. Attempted synthesis of TBDMS-protected 23a via 26. 
 
 
 
Scheme 6-2. Attempted synthesis of TBDMS-protected 23a via 28 and 29. 
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Since it is not exactly clear what the cause of the above described lack of reactivity 
is, it was decided to follow an alternative synthetic route, which is depicted in Scheme 6-2. 
Precursor molecule 3-tosyloxy-1-bromopropane 27 was obtained by reacting 
3-bromopropanol with p-tosyl chloride in pyridine (Scheme 6-2A). Compound 27 was 
stirred with deprotonated silylated β−cyclodextrin 24, to afford 28 (Scheme 6-2B) in a 
yield of 17 % after purification by column chromatography. Compound 29 was prepared 
according to a literature procedure starting from ammonium chloride and 2-vinylpyridine 
in a solvent mixture of water and methanol (Scheme 6-2C).30 Unfortunately, the coupling 
of 28 and 29 in ethyl acetate with triethylamine did not give any product (Scheme 6-2D).  
A third alternative route, which is depicted in Scheme 6-3, was developed in which 
the ligand was prepared first and subsequently attached to TBDMS-protected 
β-cyclodextrin 24. High-pressure addition of 2-vinylpyridine to 3-amino-propanol yielded 
PY2-aminopropanol 30 in 78 % yield after purification (Scheme 6-3A, i). Subsequent 
chlorination of the alcohol was presumed to lead to immediate ring closure, affording the 
quaternary amine.31 In order to prevent ring closure, 30 was quantitatively protonated 
with HCl in methanol to give [30(HCl)3]. The resulting protected alcohol was chlorinated 
with thionyl chloride to give 31, which was reacted directly, without further purification, 
in tetrahydrofuran with ten equivalents of deprotonated TBDMS-protected 
β-cyclodextrin 24 (Scheme 6-3B). This coupling reaction unfortunately failed due to the 
insolubility of 31 in THF.  
From the above results we have to conclude that we have been unable to 
synthesize the desired compound 23a. As described above the reason for the lack of 
success with of the high-pressure reaction (Scheme 6-1) is presently unknown. The lack 
of reactivity of compound 31 is due to its insolubility in THF.  
 
 
Scheme 6-3. Attempted synthesis of TBDMS-protected 23a via 31. 
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The reason for the lack of reactivity of 28 is not evident. Perhaps the halogen 
atoms are not good enough leaving groups and it would be of interest to see if reaction of 
cyclodextrin derivatives with either tosylate or triflate would lead to better results. 
Another possible solution is the addition of NaI or KI to the reaction mixture to create 
Finkelstein conditions (see below). A further possibility is inclusion of reagents in the 
cavity of the cyclodextrin molecule, thus preventing reactions to take place. At this point 
we decided to discontinued this line of research, since we had already started with an 
approach to prepare compound 23b.  
 The second target molecule 23b comprises a β-cyclodextrin and a TPA unit, which  
can coordinate to both copper and iron centers to obtain interesting enzyme mimics 
(Chapters 1 and 5). Singly aminopropyl-appended β-cyclodextrin 26 was again used as the 
starting material and the first attempt was the coupling of TPA by means of a nucleophilic 
substitution reaction using 6-TPA-Cl 11.32 Two reaction conditions were tested for this 
coupling (Scheme 6-4A), but no reaction products (TBDMS-protected monosubstituted 
23a or disubstituted 32) were obtained. These reaction conditions were (i) 
diisopropylethylamine (DIPEA) in THF and (ii) KI/Cs2CO3 in acetonitrile. The next 
attempt was a direct coupling of 11 to deprotonated cyclodextrin 24 to obtain 33 
(Scheme 6-4B). Again, no products were formed in either (i) DMF, (ii) DMF with KI, or 
(iii) acetonitrile with KI (Finkelstein conditions).  
 
 
Scheme 6-4. (A) Attempted synthesis of TBDMS protected 23a or 32 via 26 and 11; (B) Attempted 
synthesis of TBDMS-protected 33 via 24 and 11.  
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Since the coupling of 11 to cyclodextrin did not appear to be effective, it was 
decided to switch to another type of reaction, namely amide coupling, which is known to 
be effective with cyclodextrins.13,14,25 Compound 26 was used once more as the starting 
material and was reacted with an activated ester of TPA. The amide bond may stabilize 
the target molecule by hydrogen bonding to the alcohol functions of the cyclodextrin.  
Methyl 6-methylnicotinate was the starting material in the synthesis of the acid 
derivative 36 of TPA (Scheme 6-5A). Bromination of the 6-methyl substituent with 
N-bromo succinimide afforded methyl 6-bromomethyl nicotinate 34. This compound 
was then reacted with N,N-di(2-pyridylmethyl)amine (picolylamine) to yield the ester of 
5-TPA (compound 35) in which the ester group is attached at the 5-position of one of the 
pyridine rings (cf. 6-TPA-Cl above). Compound 35 was saponified in a mixture of 
dioxane, ethanol, water and sodium hydroxide to yield the acid derivative 36. 
The following step in this synthesis was the formation of the active ester 37. 
Reaction of 36 with N-hydroxy succinimide and DCC afforded 37 and DCU 
(Scheme 6-5B). Compound 37 was very difficult to purify and precipitation afforded a 
sufficiently pure product, in which a small amount of DCU remained present. The 
coupling of activated ester 37 with cyclodextrin 26 was complete after 72 hours as judged 
by TLC. Both NMR and mass spectrometry revealed the formation of the desired 
compound 38. Its characterisation is described in more detail below.  
 
 
 
Scheme 6-5. (A) Synthesis of 36; (B) synthesis of 37; (C) synthesis of 39 via 38 with 37. 
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The problematic separation of 38 from the last traces of DCU adducts, remaining 
from the synthesis of 37, led us to test a different coupling agent in the reaction of 36 to 
37, namely diethyl phosphoryl cyanide (DEPC), which has the advantage that only water-
soluble by-products are formed in the coupling reaction, thus facilitating the work up. 
The coupling of 26 with 36 by means of DEPC was tested. TLC showed an UV-active 
spot containing cyclodextrin together with several other products, as evidenced by heating 
with sulphuric acid. However,  no products were obtained after work up. A small amount 
of pure 38 was later on obtained by the reaction of compound 26 and compound 37 in 
pure form. The pure form of compound 37 was obtained by multiple recrystallisations 
(see the experimental section). The pure compound 38 thus obtained was used  in the 
catalysis experiments described below. 
 Compound 38, as received after coupling with DCC and with small traces of DCU 
adduct, was deprotected with tetrabutyl ammonium fluoride (TBAF) in THF to give the 
water-soluble target molecule 39. Electrospray mass spectrometry of the reaction mixture 
confirmed the formation of compound 39 (molecular weight of 1510) but also revealed 
the presence of a very large excess of TBAF. 
The conventional purification method to remove excess of TBAF from this type 
of compounds is precipitation from ethanol or acetone. However, no precipitation of 
compound 39 was observed in either of these two solvents. Moreover, purification with a 
Sephadex G-25 column resulted in a mixture of compound 39 and TBAF. Therefore, 
procedures marketed for the desalting of enzymes were tested. Centrifuge filters 
(Millipore) with a cut-off value of 1000 Dalton were employed to remove excess salt 
(TBAF) from the product. However, during the centrifugation of the reaction mixture, a 
deposit was formed on the filter, which clogged it and impaired the centrifugation. This 
deposit was examined by NMR and proved to be a mixture of compound 39 and TBAF. 
More dilute solutions of the reaction mixture were tested with centrifugal filtration but on 
every occasion the filter was clogged before purification was achieved. After the filtration 
had been carried out for five days, compound 39 decomposed and no further purification 
was attempted. This line of research was at that point discontinued. 
 
6.2.2 NMR spectroscopy  
 
 Cyclodextrins are large molecules which can give complicated NMR spectra; the 
use of various 1D and 2D NMR techniques in structure determination of cyclodextrins is 
well known for many years from the literature.9,28, ,  33 34 We have employed 1H-NMR, 
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COSY, NOESY, TOCSY, ROESY and HETCOR techniques in the present research.i 
TOCSY reveals couplings over longer distances than can be observed in COSY 
experiments, wherein mainly couplings with protons on adjacent carbon atoms are 
observed. Coupling through alkyl spacers or aromatic rings is detected in TOCSY even 
when a hetero atom is present. This has the disadvantage that a large number of peaks is 
observed, thus complicating the spectra. NOESY did not provide good results for 
compound 38, probably because it is not compatible with the molecular weight range,35 as 
was also observed for compound 2 in Chapter 3. ROESY is normally used to show small 
NOE contacts for high molecular weight compounds. HETCOR can help in the 
assignment of chemical shifts to protons, since it reveals both the 13C and 1H chemical 
shift of each proton. This technique can shed more light on the structure of the pyridyl 
groups of compound 38.  
 Symmetric cyclodextrins such as 24 have rather straightforward NMR spectra 
(Figure 6-7A) and the H1-protons are clearly shifted from the rest of the signals. When 
one of the sugar moieties of the cyclodextrin molecule is functionalised, for example in 
38, the symmetry is lost and more signals are observed (Figure 6-7B). Another factor that 
further complicates the spectra of functionalised cyclodextrins is the fact that signals from 
the functional groups often coincide with the cyclodextrin signals. 
 A first overlap is found between the signals of the TPA unit (protons 13 and 14, 
Figure 6-6B) and the spacer (protons 7 and 9) with the cyclodextrin signals, which makes 
it difficult to determine the chemical shifts of H7, H9, H13 and H14 (cf. Figure 6-7D for 
atom labelling of 38). These protons are, however, important to observe since they can 
give an indication of the success of the coupling reaction between TPA and cyclodextrin.  
 Another complication in the spectra is the possible presence of hydrogen bonding 
between the pyridine amines and the cyclodextrin hydroxyl groups. Clues for this 
hydrogen bonding were found in the small extra upfield signals for the H1 proton, small 
extra signals in the pyridyl region, and furthermore an extra cross peak in the TOCSY 
spectrum (see below). All signals assigned with ex (in Figure 6-7B and C) may arise from a 
cyclodextrin sugar unit that is hydrogen bonded to a TPA pyridyl group. The fact that H1, 
H2 and H3 protons show downfield shifts upon modification of the C2 hydroxyl groups 
has been reported by Teranishi for cyclodextrins disulphonated at C2.36 This publication 
however only describes the effect on NMR of covalent modifications of the C-2 hydroxyl 
group and not the effects that could be the result of hydrogen bonding.  
                                              
i COSY: COrrelation SpectroscopY; TOCSY: TOtal Correlation SpectroscopY; NOESY: Nuclear Overhauser Effect 
SpectroscopY; ROESY: Rotating frame Overhauser effect Enhancement SpectroscopY; HETCOR: HETero 
CORrelation. 
 190 
Cyclodextrins as Receptors… 
 
In the COSY spectrum (not shown) coupling is observed in the six non-
substituted sugar units in the cyclodextrin molecule (H1-H2, H2-H3, H3-H4, H4-H5, H5-
H6), in addition to one coupling in the substituted sugar unit (H1’-H2’). Furthermore, 
coupling is observed in the spacer (H7-H8, and H8-H9), as well as in the pyridine rings 
(H11-H12, H15-H16, H16-H17, and H17-H18). 
. 
 
 
Figure 6-7. 1H NMR studies on the β-cyclodextrins, compound 24 and compound 38. A) The 
region of the spectrum of 24 where cyclodextrin signals appear (3.0 to 5.6 ppm) (CDCl3/CD3OD 
500 MHz); B) the region of the spectrum of 38 where cyclodextrin signals appear (3.0 to 5.6 ppm) 
(CDCl3 400 MHz); C) the region of the spectrum of 38 where aromatic signals appear (7.3 to 
9.5 ppm) of 38; D) the structure and the atom labeling of compound 38. 
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The TOCSY spectrum (not shown) shows a large number of cross peaks, as 
expected, between the protons of the non-substituted units of the cyclodextrin molecule. 
Furthermore, it provides cross peaks of all the protons of both pyridyl rings. However, 
the TOCSY spectrum reveals in addition a cross peak at 3.15-3.55 ppm. This cross peak 
could be due to the H2 and H3 signals of a non-substituted unit of cyclodextrin, of which 
one hydroxyl group forms a hydrogen bond with one of the pyridyl groups of the TPA 
ligand. Since the C2-OH groups are the most acidic (see above), these are most likely to 
form a hydrogen bond with the pyridyl group. No further cross peaks in this region were 
observed due to the large amount of peaks which obscure the spectrum.  
The ROESY spectrum (not shown) also shows an overwhelming number of 
peaks, rendering it difficult to extract all the information from the spectrum. Cross peaks 
are observed between aromatic signals of the pyridyl groups and the adjacent 
N-methylene groups; viz. protons 12,13 and protons 15,14. Furthermore, a series of 
subsequent cross peaks was observed starting from the H2’ proton at 3.22 ppm, viz. 3.22 
ppm to 3.85 ppm to 3.56 ppm to 3.77 ppm. This ongoing coupling pattern could possibly 
be explained by the proton series of H2’ (3.22) - H3’ (3.85) - H4’ (3.56) - H5’ (3.77). 
However, these cross peaks are so weak that this assignment can only be preliminary. The 
signal of H6’ could not be identified unambiguously in the spectrum.  
With the use of the HETCOR spectrum (not shown) it is possible to differentiate 
between the protons H3, H6a and H13/H14 which are all located between 3.85 and 
3.9 ppm. It was found that the signals of H3 and H6a were located at 3.85 and 3.90 ppm, 
and that these signals correlated with carbon signals at 74 and 62 ppm, respectively. The 
signals of both H13 and H14 were found at 3.88 and 60 ppm for 1H and 13C NMR, 
respectively. Several signals in the 1H NMR spectrum were however too small to be 
assigned (Table 6-1). No cross peaks between cyclodextrin signals and pyridine signals 
were observed. Their presence would have been a clue as to whether a pyridyl group is 
included in the cavity. 
 
Table 6- 1. 1H and 13C chemical shifts of 38 as deduced from 2D NMR experiments. 
No. δ 1H δ 13C No. δ 1H δ 13C No. δ 1H δ 13C No. δ 1H δ 13C 
1 4.92 102 4’ 3.56* - 7 3.44 34 14 3.88 60 
1’ 4.99 - 5 3.62 73 8 1.89 - 15 7.56 - 
2 3.48 73 5’ 3.77* - 9 3.47 63 16 7.70 124 
2’ 3.22 82 6a 3.90 62 10 9.18 - 17 7.19 137 
3 3.85 74 6a’ - - 11 8.34 - 18 8.48 123 
3’ 3.99 - 6b 3.70 62 12 7.70 -    
4 3.56 73 6b’ - - 13 3.88 60    
*: preliminary assignment  
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6.2.3 Mass Spectrometry  
 
In addition to NMR studies, MALDI-TOF mass spectrometryi was carried out. In 
these experiments a sample of the compound to be tested is mixed with a matrix and then 
ionised without fragmentation. By determining the time between ionisation and impact 
(time of flight) the mass of the compound can be calculated. It is difficult to find a 
suitable matrix for the sample. The standard matrix used is dihydrobenzoic acid, but this 
matrix did not prove to be suitable in this case. It would be of interest to develop 
optimised conditions for these experiments.  
ESI mass spectrometryii has proven to be useful in the characterisation of 
functionalised cyclodextrins and this technique was employed to determine the molecular 
weight of compound 38. The spectra revealed that compound 38 had been formed with 
peaks at 2307.7 (M + H); 2330.7 (M + Na); 2361.7 (M + Na + MeOH); and 2369.7 (M + 
K + Na). The experimental isotope patterns of the peaks were compared to calculated 
isotope patterns (Figure 6-8) showing a good correlation, apart form a slight shift (0.5 
m/z) between the calculated signal and the observed signal, which is ascribed to a 
calibration error. From the presence of the peaks as well as from the patterns, it can be 
concluded that compound 38 had been formed. 
ESI mass spectrometry of the product of the desilylation of 38 revealed a peak at 
1510 (not shown), which is the molecular weight of compound 39. Furthermore, no 
residual peak for 38 was observed. However, a large peak was also observed for the 
reagent TBAF, indicating that compound 39 was not obtained in pure form.   
Figure 6-8. ESI mass spectrometry peak patterns for compound 38, experimental (top) and 
calculated (bottom).  
                                              
i MALDI-TOF: Matrix Assisted Laser Desorption Ionisation-Time-of-Flight 
ii ESI: Electro Spray Ionisation 
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6.2.4 Catalysis with TPA-appended cyclodextrin 38  
 
As was mentioned earlier, one of the aims of the research described in this chapter 
was oxygen transfer catalysis with cyclodextrin based mimics containing iron, preferably 
in water as the solvent. Pure TBDMS-protected compound 38 was used in the catalysis 
experiments as its Fe(II) complex. Unfortunately, purification of the water-soluble target 
molecule 39 had not been successful and this compound, therefore, could not be tested in 
catalysis. In the following first an introduction into the literature of non-heme iron 
catalysis will be given. Then, preliminary results of catalysis experiments with 
TBDMS-protected compound 38 in acetonitrile will be described.  
 
6.2.4.1 Literature introduction  
It has been known for some time that upon activation of dioxygen by a Fe(II) ion 
a Fe(III)(OOH) species is formed, which can react via three different routes 
(Figure 6-9A).37 Two routes comprise the breaking of the O-O bond, which can be either 
homolytic (A) or heterolytic (C). Both homolytic and heterolytic cleavage give a high 
valent iron-oxo species as the reactive species. In the case of homolytic cleavage (A) a 
reactive hydroxy radical is formed. The peroxo species Fe(III)(OOH) can also react 
directly via route (B), with the O-O bond intact until O transfer.  
Several synthetic mimics of non-heme iron enzymes have been reported in the 
literature. One of the examples is the Fe(II) complex of TPA (L29), reported by Que and 
co-workers as the first non-heme iron catalyst/H2O2 combination which is capable of 
alkane hydroxylation and alkene epoxidation.38,39   
Feringa has designed several N4PY ligands (Figure 6-9B; L94, L95) to mimic 
bleomycin, which was described in Chapter 5.40 One example is a mimic wherein a N4Py 
unit is linked to an intercalating acridine unit (L94). The iron complex of L94 is reactive 
in the oxidative cleavage of DNA (75%) with hydrogen peroxide as the oxidant even 
without an external co-reductor, which is required in the case of BLM.41 In addition, the 
iron complex of L94 is active in the catalytic oxidation of alkanes, alkenes and alcohols, 
using hydrogen peroxide as the oxidant.42 Cyclohexene is oxidised to the alcohol and 
ketone (total yield 30%) using H2O2.  
Recently the oxidation reactivity of the so-called N3Py ligand (L76) was studied by 
Feringa.43 The Fe(II) complex of N3Py contains three coordinating pyridyl groups and 
one coordinating amino nitrogen. The same coordination geometry is observed in TPA 
(Chapter 1). Both iron complexes are active in the selective oxidation of alkenes.  
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Figure 6-9. A) Possible decomposition pathways of ferric hydrogen peroxide species; B) 
structures of L29, L92, L94 and L95. 
There is, however, still no certainty about the structure of the true active species in 
most of these model complexes. Small variations in ligand environment seem to shift the 
balance from homolytic cleavages to heterolytic cleavage and back. In recent years, many 
new insights have been gained and although not all the questions have been answered yet, 
a complete understanding of the reaction mechanism is in sight. The next step will be the 
control of reactivity by precise ligand design.  
 
6.2.4.2 Procedure for catalytic experiments  
Catalytic experiments were carried out with the TBDMS-protected compound 38. 
Since only a small amount of pure compound 38 had been obtained, the catalytic 
experiments in the next section using compound 38 could however, only be carried out 
once. Nevertheless, the data give a good indication of the influence of a cyclodextrin 
molecule that is covalently attached to a TPA unit. Catalytic experiments with 
compound 38, together with two control experiments, were carried out in acetonitrile. 
Acetonitrile was used as the solvent, since 38 is not soluble in water. It is known that 
diluting water with acetonitrile lowers the affinity of the cyclodextrins for guests.44  
The desilylated water-soluble product 39, which could not be obtained, was 
however designed to carry out catalysis in water. As a first control experiment a 
substituted TPA unit, namely the ester of 5-TPA, viz. compound 35, was tested for 
reactivity as its Fe(II) complex. This ligand corresponds most closely to the metal binding 
moiety in 38. This control was carried out to test the influence of a binding site on the 
catalytic reactivity. The second control experiment comprised a physical mixture of TPA 
moiety 35 and TBDMS-protected cyclodextrin 24. The latter experiment was performed 
to investigate the influence of a covalent link between the cyclodextrin receptor and the 
TPA metal binding moiety.  
All experiments were carried out with solutions of Fe(II) perchlorate complexes 
formed in situ having an Fe(II) concentration of 0.44 µM. An excess of 1000 molar 
equivalents of substrate and 50 equivalents of the oxidant hydrogen peroxide were 
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applied. The reaction was stopped after one hour by passing the reaction mixtures over a 
short silica column, which removed the catalyst. The products obtained were analysed 
with the help of gas chromatography. The oxidation reactivity of 38 toward cyclooctene, 
norbornene and styrene was tested in acetonitrile. Possible oxidation products for these 
substrates are presented in Figure 6-10. The results of the catalytic experiments are 
presented in Table 6-2.  
Entries 1-4 in Table 6-2 describe the oxidation of cyclooctene, which is a 
frequently used substrate in the literature. This compound was merely studied to test if 
any oxidation reactivity was observed with the iron complex of 38. It was therefore not 
tested in the control experiments. Possible products of the oxidation of cyclooctene are 
depicted in Figure 6-10A. Cyclooctene has also been studied in the literature using N3Py45 
(entry 2), N4Py46 (entry 3) and TPA (entry 4). However, in the last case only 10 molar 
equivalents of H2O2 was used.47 Two main products were observed with the 
TPA-appended cyclodextrin 38, namely epoxide (8 TON) and cis-diol (8 TON). Minor 
products were trans-diol and cyclooctenone. The cis/trans ratio for diol-formation was 
8/1. With 38 we observed a reactivity that is approximately half of that of N3Py and 
higher than that of N4Py (Table 6-2). No increased product selectivity was observed in 
the case of 38. 
 
 
 
Figure 6-10. Possible oxidation products for A) cyclooctene; B) norbornene; and C) styrene. 
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Oxidation of styrene leads to many different products, which are not easily 
identified by gas chromatography. Because of the possible binding of the aromatic moiety 
of styrene in the cavity of cyclodextrin, which perhaps could lead to a rate enhancement, 
we decided to test the oxidation of this substrate catalyzed by the iron complex of 
compound 38. The possible oxidation products of styrene are shown in Figure 6-10B. 
Styrene oxidation has been tested by others with N3Py (entry 8) and N4Py (entry 9), 
while the oxidation of styrene with TPA has not been reported in the literature. For the 
iron complex of compound 38 (entry 7) a TON of 14 for formation of benzyl alchohol 
was obtained (cf. 12 for 35 and 1 for 35 + 24, entries 5 and 6, respectively) and 
1-phenyl-1-ethanol and benzaldehyde were formed with TON’s of 3 and 5, respectively, 
for 38 (cf. 0/< 1 for 35 and 0/2 for 35 + 24, entries 5 and 6, respectively).  
 
Table 6-2. Oxidation of alkenes by Fe(II) complexes of the compounds 38, 35 and a mixture of 35 
and 24 in acetonitrile, and literature values for oxidation of alkenes by Fe(II) complexes of N3Py, 
N4Py and TPA. 
 
Entry Catalysts  
as iron complex 
Substrate Products (TON) 
  Cyclooctene Epoxide Cis/trans-diol Cyclooctenone 
1 Compound 38 50 eq. H2O2 8 8/1 1 
2 N3Py (lit.) 50 eq. H2O2 0 19.1/0 14.1 
3 N4Py46 (lit.) 50 eq. H2O2 < 1 < 1 < 1 
4 TPA (lit.) 10 eq. H2O2 2-3 2-3/0 0 
  Styrene Benzaldehyde 1-phenyl-1-ethanol Benzylalcohol 
5 35 50 eq. H2O2 < 1 0 12 
6 35/24 50 eq. H2O2 2 0 1 
7 38 50 eq. H2O2 5 3 14 
8 N3Py45  (lit.) 50 eq. H2O2 21 0a 0 
9 N4Py46 (lit.) 50 eq. H2O2 8.8 33.6a 0 
  Norbornene Exo epoxide Endo cis diol Trans diol 
10 35 50 eq. H2O2 20 0 1 
11 35/24 50 eq. H2O2 24 0 1 
12 38 50 eq. H2O2 44 1 2 
13 N3Py45 (lit.) 50 eq. H2O2 36 1 2 
(a): styrene oxide (TON 5.1) was furthermore produced 
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 The oxidation of styrene with an iron complex of N4Py gives mainly 1-phenyl-
1-ethanol, while the iron complex of N3Py mainly provides benzaldehyde. With the iron 
complex of 38 a different reactivity was observed, namely predominant formation of 
benzyl alcohol. It is not known at this moment what the reason for this difference is; 
perhaps an inclusion complex of the substrate and the cyclodextrin is formed. However, 
none of the other substrates tested showed any sign of a possible inclusion complex with 
the host. The Fe(II) complex of 38 showed an acceptable activity, however the selectivity 
was lower than that of 35 as considerable amounts of benzaldehyde and 1-phenyl-
1-ethanol were formed. Since the experiment was only carried out once, no firm 
conclusions can be drawn at this moment. These results should be considered merely as 
an indication of the reactivity of the Fe complex of 38. 
The last substrate that was tested with the iron complex of 38 was norbornene, 
which was chosen because of its hydrophobic nature, which ensures binding in the 
cyclodextrin.48 Several oxidation products can be formed with this substrate 
(Figure 6-10C). The main product we observed with the iron complex of 38 (entry 12) 
was the exo-epoxide (TON 44), with a yield of 88%, which is higher than that observed 
for N3Py (TON 36, entry 13). Minor products formed with 38 were the endo cis-diol 
(TON 1) and the trans-diol (TON 2). The control experiments with 35/24 (entry 11) and 
35 (entry 10) both gave a TON in the range of 20 for exo epoxide formation, no endo-
cis-diol and a TON of 1 for trans-diol. This indicates that the covalent binding of 
cyclodextrins to a metal complex indeed leads to a rate enhancement in the case of 
formation of exo epoxide, viz. by a factor of two. No enhanced selectivity was observed. 
 
6.2.4.3 Attempts towards catalysis in aqueous environment 
Unfortunately, as was described above, it was not possible to purify compound 39, 
and as a result no catalytic experiments with this catalyst could be carried out. 
Experiments with model ligands were nevertheless performed using the Fe complex of 
TPA ligand 35 and a physical mixture of the iron complex of 35 and β-cyclodextrin. 
These experiments are useful for future comparison with 39.  
The oxidation reactivities toward norbornene, styrene and adamantane were tested 
in a 1:1 (v/v) mixture of water/acetonitrile and the results are summarised in Table 6-3. 
This solvent mixture was chosen since 39 is soluble in water and the substrates are soluble 
in organic solvents, such as acetonitrile.  
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Table 6-3. Oxidation of alkenes by Fe(II) complexes of the compounds 35 and a mixture of 35 
and β-cyclodextrin in water/acetonitrile (1:1 v/v). 
Entry Catalysts Substrate Products (Turnovernumber) 
  Styrene Benzaldehyde 1-phenyl-1-ethanol benzylalcohol 
1 35 50 eq. H2O2 2 0 0 
2 35 +β-CD 50 eq. H2O2 1 0 0 
3 39 - n.da n.d. n.d. 
  Norbornene Exo epoxide Endo cis diol Trans dio 
4 35 50 eq. H2O2 24 0 1 
5 35 +β-CD 50 eq. H2O2 22 0 0 
6 39 - n.d n.d. n.d. 
  Adamantane Adamantan-2-ol Adamantan-1-ol Adamantan-2-one
7 35 50 eq. H2O2 0 0 0 
8 35 +β-CD 50 eq. H2O2 0 0 0 
9 39 - n.d. n.d. n.d. 
10 N4Py 50 eq. H2O2 4.9 8.3 3.1 
11 N3Py 50 eq. H2O2 2.5 13.1 1.3 
(a) n.d. = could not  be determined, because compound 39 was not obtained in pure form. 
 
Oxidation of styrene by 35 (entry 1 and 2) gave only very low turnovers of 
benzaldehyde and no benzyl alcohol was formed. This is in sharp contrast to the results 
obtained from experiments in acetonitrile. A minimal decrease in TON was observed 
when β-cyclodextrin 24 was added to the iron complex of 35. This change is too small to 
establish whether β-cyclodextrin is capable of shielding styrene for oxidation by 35. 
The oxidation reactivities of norbornene, in a 1:1 (v/v) mixture of 
water/acetonitrile, using either 35 alone (entry 4) or the physical mixture of 35 and 
β-cyclodextrin 24 (entry 5) were very similar and similar to the results obtained in pure 
acetonitrile. From the control experiments (entries 4 and 5, Table 6-3) it might be 
concluded that norbornene does not form an inclusion complex with β-cyclodextrin, 
since no decrease in the reactivity is observed, when β-cyclodextrin is added. It is not 
clear how the doubling in reactivity in the case of 38 in acetonitrile, when compared to 35 
and 35/24 should be explained if no complexation between norbornene and 
β-cyclodextrin occurs. Clearly more experimental data, preferably with 39, are needed to 
answer this question.  
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Figure 6- 11. Oxidation products of adamantane. 
 
Adamantane can give oxidation at both the secondary and tertiary carbon atoms 
(Figure 6-11). The 3°/2° ratioi of hydroxylation gives information about the nature of the 
reactive species. For oxidation with OH radicals usually 3°/2° ratios of 2 - 2.5 have been 
found.49 Oxidations with more selective oxidizing species, such as high-valent iron-oxo 
complexes, provide higher values for the 3°/2° ratio as shown in the literature for 
[Fe3O(Ac)6Py3]Py (2.4-4.1),50 TPA/t-BuOOH (9.5),51 and porphyrin-based P-450 
mimics/iodosobenzene (11-48).52 The 3°/2° ratios in acetonitrile of  N4Py and N3Py 
(see Table 6-3, entries 10 and 11) are 3.1 and 10.3, respectively, which would imply a 
radical type oxidation for the former and a more specific oxidative species for the latter.  
No reports have appeared in the literature on the oxidation of adamantane in 
water with non-heme iron complexes. Nguyen et al have reported a mimic for bleomycin, 
PMAii, in which an iron centre is coordinated to five nitrogen donor atoms from primary 
and secondary amines, pyrimidine, an imidazole ring and the deprotonated amide moiety. 
They reported that the presence of water lowered the yield of oxidation products, viz. in 
the oxidation of cyclohexane the yield of cyclohexanol and cyclohexanone dropped by 33 
and 26 %, respectively, upon addition of 10 % of water.53  
Adamantane was tested in the present study because this substrate shows a good 
binding affinity for the cyclodextrin cavity.48,54 Remarkably, neither of the two control 
experiments gave any oxidation products (entries 7 and 8). The reason for this lack of 
reactivity of the Fe-TPA complexes with adamantane as a substrate is presently not 
known.  
                                              
i 3°/2° ratio (normalized on a per hydrogen basis): 3*(TON 3° products/TON 2° product) = 3* (TON adamantan-
1-ol/TON adamantan-2-ol+adamantan-2-one), corrected for three times as many 2° hydrogen atoms as 3° hydrogen 
atoms. 
ii 2-[(2-Amino-ethylamino)-methyl]-5-bromo-pyrimidine-4-carboxylic acid (3H-imidazol-4-ylmethyl)-amide 
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6.3 Conclusions  
 
The aim of the research described in this chapter was twofold. The first objective 
was to prepare copper dioxygen complexes of cyclodextrin-based mimics, and 
furthermore, the pre-organisation of two copper(I) complexes of cyclodextrins in order to 
facilitate the binding of dioxygen, viz. a ditopic guest bound in the cavities of the 
cyclodextrins. We tried many synthetic approaches to obtain PY2-appended cyclodextrin 
molecules, which were not successful however. Nevertheless, an effective way to couple 
TPA to a cyclodextrin (see below) was found, viz. by amide coupling chemistry. This 
route also opens possibilities for the synthesis of a PY2 based cyclodextrin, since a PY2-
appended acid can be prepared and coupled to the cyclodextrin by means of an amino 
propyl linker. 
The second objective was the preparation of a non-heme iron mimic based on a 
cyclodextrin. To this end we prepared the first TPA-appended cyclodextrin. The 
successful synthesis was confirmed by NMR and mass spectrometry techniques. The last 
step in the synthesis is the deprotection of the primary hydroxyl groups. ESI mass 
spectrometry showed that this deprotection was successful. However, the purification of 
the product proved to be very troublesome. Different protecting groups and different 
deprotection techniques than desilylation with fluoride should be developed in the future 
in order to overcome these problems and to obtain compound 39 in pure form. 
 We have carried out preliminary catalytic experiments with the Fe complex of the 
TBDMS-protected TPA-appended cyclodextrin 38. These experiments revealed a twofold 
rate enhancement in the case of norbornene as the substrate. More experiments are 
however needed to establish the reason for this rate enhancement, which is possibly the 
binding of the substrate in the cavity. We believe that these results can provide a basis for 
further work. It should be possible to prepare larger amounts of compound 39 in pure 
form, which subsequently can be tested for catalysis of oxygen transfer reactions with 
iron. In addition, we have reported in the previous chapters that copper(I) complexes can 
be obtained from TPA ligands. It would, therefore, also be very interesting to test the 
reactivity of the Cu(I) complex of 39 in binding and activation of molecular oxygen.  
 
6.4 Experimental  
 
Materials and Apparatus  
The materials and methods used have been described in Chapter 3. Flash column chromatography of 
cyclodextrin derivatives was performed on silica gel (particle size < 0.063 mm). Merck Silica Gel F254 
plates and alumina 60 F254 neutral plates on plastic or tin foil were used for thin layer chromatography. 
Compounds containing cyclodextrins were detected by spraying the TLC plates with a 10% H2SO4 
solution in ethanol followed by heating. 
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NMR spectra were recorded on Bruker WM-200 or Varian Unity Inova 400 HR NMR instruments with 
TMS (tetramethylsilane, δ 0.00 ppm) or CD3OH (δ 3.31 ppm) as the internal standars for the 1H spectra, 
and CDCl3 (δ 77.0 ppm) as the internal standard for the 13C spectra. Abbreviations used are as follows: s, 
singlet; d, doublet; m, multiplet; b, broad. The COSY spectrum was recorded at 400 MHz with a 
relaxation delay of 1.0 s, the TOCSY spectrum was recorded at 400 MHz with a mixing time of 80 ms, 
and the ROESY was recorded with a mixing time of 200 ms.  
ESI-MS spectra were recorded on a Finnigan MAT900S instrument with Elektro Spray Ionisation. Matrix 
Assisted Laser Desorption Ionisation Time-Of-Flight (MALDI-TOF) mass spectrometry was carried out 
with dihydroxybenzoic acid as the matrix on a Bruker Biflex III MALDI-TOF mass spectrometer. Gas 
chromatography was carried out on several gas chromatographs (below) and the reference number of the 
gas chromatograph used will be stated with each separate experiment. These numbers refer to: 1) HP 5890 
Series II gas chromatograph with a CP-wax 52 series CB fused silica column and a HP 3396 II integrator. 
2) HP 6890 Series with a non-polar HP 5 - 5% phenyl-methylpolysiloxane column. Data were analysed 
using Chemstation software. The temperature programs used are given for each substrate separately in the 
following manner: A(At)-B-C(Ct)-D-E(Et) where A = initial temperature; At = time period at 
temperature A; B = first heating rate (°C/min); C = first temperature plateau; Ct = time period at 
temperature C; D = second heating rate; E = final temperature; Et = time period at temperature E. 
 
Mono-(2-O-N,N-bis-(2-[2-pyridyl]ethyl)-3-aminopropyl)-β-CD (23a) 
Attempts to synthesize 23a from 26 by a Michael addition of 2-vinylpyridine 
under 15 kbar of pressure in a 1:1 mixture of MeOH/CH2Cl2 with glacial acetic 
acid, did not provide the desired product. This reaction was repeated with 
10 equivalent of 1-adamantol or toluene as a guest to prevent possible inclusion 
of a pyridyl group or the aminopropyl group in the cavity of the cyclodextrin 
molecule. This did not provide any results. Attempts to synthesize 23a from 28 
and 29 by stirring in EtOAc with Et3N did not provide the desired compound. Furthermore, the reaction 
of 31 with deprotonated 24 by stirring in THF did not give any product either, due to the lack of solubility 
of compound 31 in THF. As a result compound 23a could not be obtained. 
 
Mono-{2-O-[3-(6-di[2-pyridylmethyl]amino)methyl-2-pyridylmethylamino]propyl}heptakis-(6-O-tert-
butyldimethylsilyl)-β-CD (23b) 
Attempts to synthesize 23b from 26 and 11 were carried out under two different 
conditions. In the first attempt 26 and 11 were stirred for 1 week in THF with 
DIPA. However, no precipitation of DIPEA-HCl was observed, which is 
indicative of coupling. After work up no reaction product could be isolated. In 
another attempt, Finkelstein conditions were applied using acetonitrile with 
Cs2CO3 and KI. Again no product formation was observed. As a result compound 23b could not be 
obtained.  
 
Heptakis-(6-O-tert-butyldimethylsilyl)−β-CD (24) 
This compound was prepared according to a literature procedure.28 
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Mono-[2-O-(3-azidopropyl)-heptakis-(6-O-tert-butyldimethylsilyl)-β-CD (25) 
This compound was prepared according to a literature procedure.   
 
Mono-[2-O-(3-aminopropyl)-heptakis-(6-O-tert-butyldimethylsilyl)−β-CD (26) 
This compound was prepared according to a literature procedure.29 
 
3-Bromopropyl 4-methyl-1-benzenesulfonate (27) 
A solution of 3.03 g of 3-bromo-1-propanol (21.8 mmol) in 30 mL of 
pyridine was cooled to 0°C in ice. During 2 hrs 4.75 g of p-tosyl chloride 
(25 mmol) was added in small portions. Upon warming up to room 
temperature a precipitate was formed (presumably pyridine-HCl). The reaction mixture was decanted, the 
solvent evaporated under reduced pressure and the product redissolved in 50 mL of diethyl ether. This 
solution was washed twice with aqueous 1N HCl, twice with aqueous NaHCO3 (sat.), twice with brine and 
once with water. The combined water layers were extracted with diethyl ether. The combined organic 
layers were dried over Na2SO4 and evaporated. A yellow oil was obtained in a yield of 22 % and used 
without further purification. White crystals were obtained after a night at -20 °C. 
1H-NMR (CDCl3, 400 MHz): δ 7.81 (d, 2H; Ar-H2), 7.38 (d, 2H; Ar-H3), 4.2 (t, 2H; O-CH2), 3.42 (t, 2H; 
Br-CH2), 2.18 (m, 2H; CH2-CH2-CH2). No further analysis was carried out. 
 
Mono-[2-O-(3-bromopropyl)-heptakis-(6-O-tert-butyldimethylsilyl)-β-CD (28) 
To a solution of 83 mg of TBDMS7-CD (0.04 mmol) in 20 mL of THF was added a 
small spoonful of sodium hydride (60% NaH in paraffin). The resulting suspension 
was stirred overnight at room temperature and was subsequently heated to reflux for 
6 hrs. After cooling, 1.0 equiv. (12.6 mg) of 27 was added and the mixture was stirred 
overnight. The reaction mixture showed two spots on TLC (silica, eluent 
EtOAc/EtOH/H2O 50:7:4 v/v/v) with Rf values of 0.46 and 0.50, which are most 
probably the mono- and bis-functionalised cyclodextrins. After evaporation of the 
solvent the crude product was redissolved in 20 mL of EtOAc and washed twice with aqueous 1N HCl, 
twice with aqueous NaHCO3 (sat.), and twice with brine. After drying over NaSO4 and evaporation of the 
solvent the product was purified by column chromatography (silica, eluent: EtOAc/EtOH/H2O 50:2:1 
v/v/v). The product (15 mg) was obtained in 17% yield.  
1H-NMR (CD3OD, 400 MHz): δ 5.01 (br s, 1H; CH1-CD), 4.1-3.4 (br m, 6H; CH2,3,4,5-CD), 2.10 (br m, 
2H; CH2-CH2-CH2), 0.91 (br m, 56H; Si-C-CH3), 0.00 (br m, 42H; Si-CH3). No further analysis was 
carried out.  
 
N,N-Di-[2-(2-pyridyl)ethyl]amine (29) 
The synthesis was carried out following a literature procedure.  The 
product was obtained in a yield of 40%, which is similar to the reported 
yield of  42%.  
1H-NMR (CDCl3, 200 MHz): δ 8.49 (d, 2H; J=4.1Hz, PyC6H), 7.56 (t, 
2H; J=9.2Hz, PyC4H), 7.06-7.16 (m, 4H; PyC3,5H) 3.11-2.93 (m, 8H; CH2CH2); GC-MS m/z 228 (M+H)+.  
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3-{Di[2-(2-pyridyl)ethyl]amino}-1-propanol (30) 
To a solution of 265 mg (3.96 mmol) of 3-amino-1-propanol in 1 ml of 
dichloromethane were added 1.55 g of 2-vinylpyridine (3.75 equiv) and 50 µL of 
glacial acetic acid. The resulting solution was transferred to a Teflon high-
pressure vessel of 7.5 mL. A few grains of radical trap (5-(tert-butyl)-2-[4-(tert-
butyl)-2-hydroxy-5-methylphenyl]sulfanyl-4-methylphenol) were added and the 
vessel was completely filled with methanol. The vessel was closed by screwing the lid and then kept under 
15 kbar of pressure for 20 hrs at 50°C. After this time the solution had turned dark red and the volume 
had decreased, indicating that reaction had taken place. TLC (alumina on plastic, eluent 2% MeOH in 
CH2Cl2) showed three spots: unreacted 2-vinylpyridine eluting with the same speed as the solvent, dimers 
of vinyl pyridine and the desired product. Purification was carried out by column chromatography (neutral 
alumina 90, activation III) with a gradient of eluents, starting with hexane/CH2Cl2 (1:1 v/v) to elute 
2-vinylpyridine and the oligomers, subsequently with CH2Cl2 and 2% MeOH in CH2Cl2 to obtain 988 mg 
(3.09 mmol) of the desired product as a yellow oil in a yield of 78%. The 1H-NMR spectrum showed a 
singlet for the 8 pyridylethyl protons at 2.90 ppm, while two triplets were expected. In order to test the 
identity of the compound COSY, NOESY and HETCOR spectra were recorded, confirming the presence 
of two different carbon signals for the two methylene groups at 54.5 and 35.5 ppm.  
1H-NMR (CDCl3, 400 MHz): δ 8.50 (br d, 2H; Py-CH6, metaJ=4.7Hz), 7.60-7.53 (dt, 2H; Py-CH4, 
metaJ=1.1Hz, orthoJ=5.0Hz ), 7.13-7.08 (dt, 2H; Py-CH5; metaJ=1.1Hz, orthoJ=5.0Hz), ), 7.07-7.04 (dd, 2H; 
Py-CH3; metaJ=2.2Hz, orthoJ=8.0Hz), 3.60-3.54 (t, 2H; CH2-OH), 2.90 (s, 8H; Py-CH2CH2N), 2.77-2.72 (m, 
2H; HOCH2CH2CH2N), 1.68-1.6 (m, 2H; HOCH2CH2CH2), 13C-NMR (CDCl3, 100 MHz, assignment by 
HETCOR): δ 149 (Py-C6H), 136(Py-C4H), 123.5 (Py-C5H), 121(Py-C3H), 54.5 (Py-CH2CH2), 35.5 (Py-
CH2CH2), 
 
3-{Di[2-(2-pyridyl)ethyl]amino}-1-propanol.3HCl (30.(HCl)3) 
To a solution of 80 mg (0.28 mmol) of 30 in 10 mL of methanol were 
added a few drops of concentrated HCl. After stirring for 5 min. the 
reaction mixture was concentrated and the product isolated as a white 
solid. The reaction had proceeded quantitatively. 1H-NMR (CD3OD, 
400 MHz): δ 8.89-8.86 (dd, 2H; Py-C6H, orthoJ=5.67Hz, metaJ=1.2Hz), 8.7-
8.65 (dt, 2H; Py-C5H, metaJ=1.4Hz, orthoJ=8.0Hz), 8.30-8.27 (d, 2H; Py-C3H, orthoJ=8.0Hz), 8.09-8.06 (t, 2H; 
Py-C4H, orthoJ=6.8Hz), 3.94-3.91 (m, 4H; Py-CH2CH2), 3.86-3.82 (m, 6H; NCH2), 3.60-3.65 (m, 2H; 
CH2OH), 2.21-2.15 (m, 2H; HOCH2CH2). 
 
N-(3-Chloropropyl)-N,N-di[2-(2-pyridyl)ethyl]amine.3HCl (31) 
A solution of 17 mg (0.08 mmol) of 30.(HCl)3 in 10 mL of thionyl chloride 
was stirred for 20 min. after which the solvent was evaporated. The reaction 
proceeded quantitatively, and the product was obtained as a white solid.  
1H-NMR (CD3OD, 400 MHz): δ 8.90-8.88 (d, 2H; Py-C6H), 8.73-8.68 (t, 2H; 
Py-C5H), 8.35-8.32 (d, 2H; Py-C3H), 8.13-8.08 (t, 2H; Py-C4H), 4.00-3.93 (br 
m, 4H; Py-CH2CH2), 3.91-3.84 (br m, 6H; NCH2), 3.73-3.68 (br t, 2H, CH2Cl), 2.57-2.48 (br m, 2H; 
ClCH2CH2).  
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Mono-{2-O-[3-bis(6-di[2-pyridylmethyl]amino)methyl-2-pyridylmethylamino]propyl}heptakis-(6-O-tert-
butyldimethylsilyl)-β-CD (32) 
Attempts to synthesize 32 from 26 and 11 were carried out using two different 
sets of reaction conditions. In the first attempt 26 and 11 were stirred for one 
week in THF with diisopropylamine (DIPEA), however, no precipitation of 
DIPEA-HCl occurred, which is normally observed and is indicative of 
coupling. After work up no reaction product could be isolated. In the second 
attempt Finkelstein conditions were applied using acetonitrile with Cs2CO3 
and KI, again no product was observed. As a result compound 32 could not 
be obtained.  
 
Mono-{2-O-(6-di[2-pyridylmethyl]amino)methyl-2-pyridylmethylamino}heptakis-(6-O-tert-
butyldimethylsilyl)-β-CD (33) 
Attempts to synthesize 33 by direct coupling of deprotonated 24 and 11 were 
carried out under three different conditions. In the first attempt deprotonated 24 
and 11 were stirred in DMF, however no product was obtained. The reaction was 
repeated with the addition of KI to create a better leaving group, again no 
positive results were obtained. In the third attempt acetonitrile and KI were used. 
Again no product was formed. As a result compound 33 could not be obtained.  
 
Methyl 6-(bromomethyl)nicotinate (34) 
A solution of 423.8 mg (2.8 mmol) of methyl 6-methylnicotinate, 412.6 mg 
(2.6 mmol) of N-bromosuccinimide, and 5.5 mg (0.022 mmol) of 
benzoylperoxide in 40 mL of CCl4 was heated to reflux by irradiation with a 
200 W lamp. After 19 hrs the reaction mixture was allowed to cool to room 
temperature and was filtered. The resulting yellow solution was washed three times with 50 mL of 
aqueous NaHCO3 (sat.). The combined aqueous layers were extracted once with 50 mL of CCl4. The 
organic layer was combined with the previous organic layer, and the combined organic phase was dried 
over Na2SO4 and evaporated. The crude product was obtained as a pink solid in a yield of 527 mg. After 
purification by chromatography on silica (eluent: EtOAc/hexane 2:8 v/v) a white solid in a yield of 
185 mg (29%) was obtained. The product was used directly in the following reaction.  
 
Methyl 6-{[di(2-pyridylmethyl)amino]methyl}nicotinate (35) 
According to a known procedure55 a solution of 0.17 ml (0.80 mmol) of 
N,N-di(2-pyridymethyl)amine, 185 mg (1 equiv.) of 34 and 130 mg of 
diisopropylethylamine (DIPEA) (1.1 equiv.) in 30 mL of dry THF was 
transferred to a glass pressure vessel. After stirring under exclusion of air for 
1 week, a precipitate of DIPEA-HCl was formed. After decanting and 
evaporation of the solvent the crude product was obtained as a brown oil. 
After many crystallizations from petroleum ether 40/65 the product was obtained as a white solid in a 
yield of 50 mg (18%).  
1H-NMR (CDCl3, 200 MHz): δ 9.16 (d, 1H; paraJ=0.5Hz, PyC6’H), 8.64 (br d, 2H; orthoJ=4.8Hz, PyC6H), 
8.19-8.14 (dd, 1H; orthoJ=7.9Hz, metaJ=2.2Hz, PyC4’H), 7.79-7.70 (dt, 2H; orthoJ=7.5Hz, PyC5H), 7.63 (d, 
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1H; orthoJ=9.4Hz, PyC3’H), 7.54 (d, 2H; orthoJ=8.0Hz, PyC3H), 7.28-7.2 (dt, 2H; orthoJ=8.0Hz, metaJ=1.3Hz, 
PyC4H), 4.04 (s, 4H; NCH2Py), 3.96 (s, 2H; NCH2Py’). 
 
6-{[di(2-pyridylmethyl)amino]methyl}nicotinic acid (36) 
To a mixture of dioxane, ethanol and aqueous 4N NaOH (15:4:1 v/v) was 
added 197 mg (0.56 mmol) of 35. After stirring for 30 minutes the reaction 
mixture was neutralised with aqueous 1N HCl and extracted with 50 mL of 
chloroform. The organic phase was washed with water and dried to give the 
product in a yield of 46 mg (24%). This product was not stable and used 
directly in the following reaction.  
1H-NMR (CDCl3, 200 MHz): δ 9.16 (d, 1H; paraJ=0.5Hz, PyC6’H), 8.64 (br d, 2H; orthoJ=4.8Hz, PyC6H), 
8.19-8.14 (dd, 1H; orthoJ=7.9Hz, metaJ=2.2Hz, PyC4’H), 7.79-7.70 (dt, 2H; orthoJ=7.5Hz, PyC5H), 7.63 (d, 
1H; orthoJ=9.4Hz, PyC3’H), 7.54 (d, 2H; orthoJ=8.0Hz, PyC3H), 7.28-7.2 (dt, 2H; orthoJ=8.0Hz, metaJ=1.3Hz, 
PyC4H), 4.04 (s, 4H; NCH2Py), 3.96 (s, 2H; NCH2Py’).  
 
2,5-Dioxo-1H-pyrrolyl 6-{[di(2-pyridylmethyl)amino]methyl}nicotinate (37) 
 To a solution of 46 mg (0.138 mmol) of 36 in 2 mL of ethyl acetate was added 
18 mg (1.1 equiv.) of N-hydroxy succinimide and 30 mg (1.05 equiv) of DCC. 
The reaction was stirred for 70 hrs after which a white precipitate had been 
formed (DCU). After filtration and evaporation of the solvent the residue was 
dissolved in 20 mL of dichloromethane and washed 5 x with 20 mL of aqueous 
NaHCO3 (sat.). After evaporation a yellow oil was obtained. No yield was 
determined. Purification of this product was carried out by repeated 
precipitations from petroleum ether, the main contaminant was DCU.   
1H-NMR (CDCl3, 400 MHz): δ 9.19 (d, 1H; metaJ=2.2Hz, PyC6’H), 8.52 (d, 2H; J=4.8Hz, PyC6H), 8.34 
(dd, 1H; orthoJ=8.4Hz, metaJ=2.2Hz, PyC4’H), 7,79 (d, 1H; orthoJ=7.9Hz, PyC3’H), 7.68-7.60 (dt, 2H; 
orthoJ=7.9Hz, metaJ=1.8Hz, PyC5H), 7.50 (d, 2H; orthoJ=7.5Hz, PyC3H), 7.17-7.11 (br t, 2H; orthoJ=4.86Hz, 
PyC4H), 4.02 (s, 2H; Py’CH2N), 3.98 (s, 4H; PyCH2N), 2.89 (s, 4H;COCH2 CH2). 13C-NMR (CDCl3, 100 
MHz, assignment by HETCOR): δ 148.5 (PyC6H), 138.5 (PyC4’H), 138 (PyC5H), 124 (PyC3H), 123.5 
(PyC3’H, PyC4H), 60 (PyCH2), 32 (NCOCH2CH2).  
 
N-Mono-[mono-(2-O-(3-propyl)]-6-{[di(2-pyridylmethyl)amino]methyl}nicotinamide-heptakis-[6-O-
tert-butyldimethylsilyl)-β-CD (38) 
 1) To a solution of 42.6 mg (0.021 mmol) of 26 and 9.7 mg (0.9 equiv) of 37 in 
10 mL of THF was added 50 µL of triethylamine. According to TLC (alumina, 
eluent: BuOH/EtOH/H2O 5:4:3 v/v/v) 26 was consumed after stirring at room 
temperature for 20 hrs. After evaporation of the solvent the thus obtained crude 
product was purified using a Pasteur pipette filled with alumina (eluent 
EtOAc/EtOH/H2O 50:7:4 v/v/v). This yielded 30 mg (53%) of the product 38. 
2) To a solution of 143 mg (0.075 mmol) of 26 in 20 mL of THF were added 
150 µL of triethylamine, 10 µL of diethyl pyrocarbonate (DEPC) (~1 equiv), and 
a solution of 25 mg ( 1 equiv.) of 36 in 2 ml of THF. The resulting solution was 
stirred for 20 hrs at room temperature. TLC on alumina (eluent: 
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BuOH/EtOH/H2O) showed three UV-active spots (Rf 0, Rf 0.1, and  Rf 0.45). The TLC plate was 
submerged in a 10 % solution of H2SO4 in ethanol and heated to color spots containing cyclodextrins 
black. Three black spots appeared with Rf 0, Rf 0.45, and  Rf 0.7-0.9. The spot at 0.7-0.9 contained 
cyclodextrin but no TPA group; the spot at 0.1 probably contained UV-active groups but no cyclodextrin. 
Only the spot at 0.45 could possibly be the product, since it contained both UV-active groups and 
cyclodextrin. However, this product could not be isolated after work up. 
1H-NMR (CDCl3, 400 MHz): δ 9.18 (PyC6’H), 8.48 (PyC6H), 8.34 (PyC4’H), 7.70 (PyC3’H, PyC4H ), 7.56 
(PyC3H), 7.19 (PyC5H), 4.99 (H1’-CD), 4.92 (H1-CD), 3.90 (d, H6-CD), 3.88 (PyCH2N), 3.85 (H3-CD), 
3.70 (d, H6-CD), 3.62 (H5-CD), 3.56 (H4-CD), 3.48 (H2-CD), 3.47 (CD-CH2CH2CH2N), 3.44 (CD-O-
CH2CH2CH2N), 1.89 (CD-CH2CH2CH2N). 13C-NMR (CDCl3, 100 MHz, assignment by HETCOR): 137 
(PyC5H), 124 (PyC4H), 123 (PyC6H), 74 (H3-CD), 73 (H5-CD), 73 (H4-CD), 73 (H2-CD), 63 (CD-
CH2CH2CH2N), 63 (H1’-CD), 62 (H6-CD), 60 (PyCH2N), 34 (CD-O-CH2CH2CH2N), 12 (H1-CD). ESI-
MS (M+H)+ 2307.0. (see text and Figure 6-8). 
 
N-Mono-[mono-(2-O-(3-propyl)]-6-{[di(2-pyridylmethyl)amino]methyl}nicotamide-β-CD (39) 
To a solution of 20 mg (8.7 µmol) of 38 in 5 mL of THF was added 0.5 mL of 
tetrabutyl ammonium fluoride (1.0 mL in THF). TLC was used to determine 
when the reaction was complete (alumina, eluent EtOAc/EtOH/H2O 50:15 
v/v/v). The Rf values of the starting compound and the product were 0.3 and 0, 
respectively. The reaction mixture was stirred for 72 hrs and subsequent ESI-MS 
showed a peak for the product 39 at 1510 for (M+H)+, and no residual peak for 
38, indicating that the reaction was complete. The solvent was then evaporated. 
The normal work up for this type of compounds is precipitation from ethanol 
after dissolving the product in a small amount of water. In the present case this 
procedure did not yield any precipitate. Therefore, acetone was also tested as the non-solvent but again no 
precipitate was formed. Sephadex G-25 column was used to purify the product. However, even after two 
columns (eluent: water) the product was still contaminated with TBAF. Therefore, a centrifuge filtration 
system from Millipore, marketed for the desalting of proteins, was used for purifying this compound. The 
filter became clogged during filtration and the product decomposed after five days as proved by a NMR 
(many unidentified peaks). No pure product could be obtained. ESI-spectroscopy was carried out and is 
reported in the result section (vide infra). 
 
Catalytic experiments  
Epoxidation experiments with Fe(II) complexes were carried out in two different solvent systems, viz. 
acetonitrile and a mixture of water and acetonitrile (1:1 v/v). Three catalyst systems were tested in 
acetonitrile: TBDMS-protected TPA-appended cyclodextrin 38, TPA-ester 35 and a physical mixture of 35 
and TBDMS-protected cyclodextrin 24. Three different substrate were tested: styrene, norbornene, and 
cyclooctene.  
The Fe(II) complexes were prepared in situ by mixing 1 equiv. of Fe(II)perchlorate hydrate (FW 282) with 
1 equiv. of the system to be tested in either 1 or 2 mL of solvent (0.44 µM). After sonicating for 10 min. a 
yellow solution was formed to which were added (i) a precise amount of approx. 10 µmol of internal 
standard (bromobenzene for styrene and norbornene and o-dichlorobenzene for cyclooctene), (ii) 1000 
equiv. of substrate, and (iii) 50 equiv. of hydrogen peroxide (as a stock solution of 9 vol. of acetonitrile 
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and 1 vol. of 30% H2O2 in water). In acetonitrile the reactive species is probably CH3C(OOH)=NH.56 
The reaction was stopped after 1 h by passing the reaction mixtures over a short (1 cm) silica column 
which was rinsed with 4 x 1.5 mL of ether/methanol (9:1 v/v). The resulting solution was concentrated to 
2 mL under a nitrogen stream and analyzed by GC.  
In water two different systems were tested, viz. TPA-ester 35 and a physical mixture of 35 and 
β-cyclodextrin. Three substrates were tested, being styrene, norbornene, and adamantane. The reaction 
mixtures were prepared as described above, only the work-up was different. After 2 h 1.5 mL of diethyl 
ether was added to the reaction mixtures and the organic layer were separated. The remaining aqueous 
layer was extracted with diethyl ether (3 x 1.5 mL). The combined organic phase was passed over a short 
(1 cm) silica column, which was rinsed with 4 x 1.5 mL of diethyl ether/methanol (9:1 v/v). The resulting 
solution was concentrated to 2 mL under a nitrogen stream and analyzed by GC.  
The different oxidation products give peaks with different intensities in the GC. In order to correct for 
this error, multiplication factors were used. These factors were obtained by GC analysis of known 
amounts of these products. 
 
Styrene 
GC 1 was used with the temperature program 75(5)-20-250(1). The retention times of the 
different components were: styrene (4.0 min); bromobenzene (5.5 min); benzaldehyde (7.9 
min); styrene oxide (10.2 min); acetophenone (10.5 min); 2-phenyl-1-ethanol (11.3 min); 
benzaldehyde (13.9 min); 1-phenyl-1,2-ethanediol (15.8 min). The multiplication factors for the 
products with respect to bromobenzene were benzaldehyde (1.0); styrene oxide (1.08); acetophenone 
(1.17); 1-phenyl-1-ethanol (1.21); benzylalcohol (1.09); 1-phenyl-1,2-ethanediol (1.41). 
 
Norbornene 
GC 2 was used with the temperature program 50(5)-2.5-130(5)-50-200(1.6). The retention 
times of the different components were: bromobenzene (9.5 min); exo-epoxide (10.2 min); 
exo-diol (24.0 min); endo-diol (24.7 min); trans-diol (24.8 min). 
 
Cyclooctene 
GC 2 was used with the temperature program 100(5)-10-200(0)-50-250(4). The retention times 
of the different components were: o-dichlorobenzene (3.9 min); cyclooctene oxide (5.2 min); 
cyclooctenol (5.8 min); cyclooctenone (6.5 min); cis-1,2-cyclooctanediol (9.5 min). 
 
Adamantane 
GC 2 was used with the temperature program 80(5)-10-120(16). The retention of the different 
components were: adamantane (3.3 min); bromobenzene (4.7 min); adamantan-2-one (16.1); 
adamantan-1-ol (16.9 min); adamantan-2-ol (22.3 min). The multiplication factors for the 
products with respect to bromobenzene were: adamantan-2-one (0.63); adamantan-1-ol (0.57); 
adamantan-2-ol (0.67) 
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Fluorous Phase Chemistry: Synthesis, 
Binding and Catalysis   
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
Fluorous phase chemistry involves the use of (per)fluorinated compounds as 
solvents. The miscibility of these solvents with both water and hydrocarbons can be 
controlled by various parameters, e.g. temperature. We are interested in these solvents as 
a medium for catalysis using the metal containing receptor compounds described in  the 
previous chapters of this thesis as catalysts because of the following characteristics: (i) 
they may provide new supramolecular interactions, (ii) display an excellent dioxygen 
solubility, and (iii) allow an easy recovery of the catalyst by phase separation.  
This chapter describes the attempted synthesis of a fluorinated analogue of a 
molecular clip described in Chapter 3, in order to render this compound soluble in 
fluorinated solvents; this synthesis was however not successful. The synthesis of a 
fluorinated analogue of β-cyclodextrin was partly accomplished and preliminary studies 
on its supramolecular properties are reported.   
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7.1 Introduction 
 
7.1.1 Fluorous phase chemistry  
 
In recent years a new field of chemistry has emerged after the discovery of the 
utilization of perfluorinated solvents was first described in a thesis by M. Vogt in 1991.1 
Three years later Horváth and Rábai published in Science on hydroformylation catalysis 
using fluorinated solvents. 2  It was the latter publication that received worldwide 
attention.3,4 Perfluorinated carbon compounds (PFCs) possess unusual properties like a 
high density (compare 0.66 and 1.68 g/ml for hexane and perfluorinated hexane, 
respectively), a low solvation capacity, a high dissolution of gasses (see below), and a low 
toxicity. The last aspect has been shown by the famous ‘mouse-experiment’ in which a 
living mouse is immersed in a perfluorinated solvent saturated with dioxygen, viz. 
perfluoro-2-ethyl-tetrahydrofuran (FX-80). The mouse stayed alive for up to four hours, 
immersed in and breathing this oxygen saturated solvent, although it suffered pulmonary 
damage (Figure 7-1).5  
 
 
Figure 7-1. Living mouse immersed in an oxygen-saturated fluorinated solvent. 6 
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PFCs have a very low miscibility with water and various organic solvents but are 
partly miscible with ethers. The phase of perfluorinated alkanes, the so-called fluorous 
phase, is a separate phase besides the aqueous and hydrocarbon phases. Their properties 
can be ascribed to inter alia the large electronegativity of the fluorine atom compared to 
the hydrogen atom, viz. 4.0 versus 2.1 on Paulings scale7 and the large electronegativity of 
a CF3 groups compared to a CH3 group, viz. 3.35 and 2.3, respectively.8 Another factor 
that contributes to the abovementioned miscibility effects is the large van der Waals 
radius of F compared to H, viz. 1.47 and 1.2 Å, respectively,9 and the large van der Waals 
hemisphere volume of CF3 compared to CH3, viz. 42.6 and 16.8 Å3 respectively.10, ,11 12
The main advantage of a system comprising organic and fluorous solvents is the 
possibility of thermal regulation of the miscibility of these solvents, viz. going from two 
phases to one upon elevation of the temperature. At temperatures above the Tc 
(consolute temperature) complete miscibility is achieved between the organic and 
fluorous solvents, while at temperatures below Tc almost complete separation of the two 
phases takes place. For example, perfluorinated methyl cyclohexane (see below) is 
miscible with chloroform (1:1) and hexane (1:1) above the consolute temperatures of 
50.1° C and 20° C, respectively.  
Two important areas of use for PFCs are organic synthesis (in the case of 
problems with separation of the obtained product and reagents) and catalysis (facilitating 
the separation of catalyst and products). The fluorous phase approach enhances the ease 
and efficiency of purification by providing means for separation.13, ,  14 15 Reactions can be 
carried out at elevated temperatures in a mixture of fluorocarbon and hydrocarbon 
solvents under homogenous condition. After the reaction is completed and the mixture is 
cooled down, two separate phases are obtained, enabling the easy separation of reaction 
products and reagents. It is however necessary that the desired product, reagents and/or 
catalyst are soluble in different phases, either the fluorocarbon or the hydrocarbon phase. 
Therefore, in the case of organic synthesis one of the main reactants is usually provided 
with a fluorous tag, facilitating its isolation or that of its product after the reaction. In the 
case of catalysis the catalyst is often provided with a fluorous tag, enabling its recycling 
after reaction and separation from the reactants and the products.   
For synthetic organic chemistry, the fluorous tag should be preferentially be 
attached reversibly, so that it can be removed after purification of the product, whereas 
for catalysis, the fluorous tag usually is irreversibly attached, so that it can be used in many 
subsequent cycles. Fluorinated tags, also called labels of pony tails, are required for 
dissolving organic compounds in a fluorous phase, according to the ‘like-dissolves-like’ 
principle. A fluorine content (% by weight of F with respect to molecular weight) of at 
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least 62 % is required for a good partition coefficient (ratio of perfluorinated substrate in 
the fluorous layer).16 The fluorine content should however not be to high.17 With lower 
fluorine contents the fluorinated compound dissolves both in the fluorinated and the 
organic solvent, causing leakage of compound during a two-phase extraction procedure.  
Perfluoroalkyl groups are often employed as fluorous tags, even though they are 
electron withdrawing, which may influence the reactivity of the (metal containing) 
catalyst. To overcome this potential problem an ‘insulating’ hydrocarbon spacer is often 
used between the electron withdrawing fluorocarbon tag and the rest of the catalyst. 
Examples of these spacers are -CH2CH2SiMe2O-, -CH2CH2-, and -CH2CH2SiMe2Ar. 
Fluorous tags using the first spacer are often employed for synthetic purposes, since they 
are reasonable easy to remove with F-. More permanent labels can be introduced through 
the other spacers, involving carbon-carbon bond formation. In this chapter we will focus 
on the use of fluorous labels for receptors used in both supramolecular chemistry and 
catalysis.  
 
7.1.2 Properties of perfluorinated solvents   
 
Some properties of a selection of (per)fluorinated solvents are listed in 
Table 7-1.18,19  Most of these solvents are not miscible with hydrocarbons and water. The 
solubility of water in these solvents is at the parts per million level. They have a high 
density (1.7-1.9 g/cm3) in addition to a much lower surface tension than common organic 
solvents. α,α,α-Trifluorotoluene is miscible with aqueous and hydrocarbon solvents and 
is often used in monophasic systems. 
Table 7-1. Properties of a selection of (per)fluorinated solvents  
Solvent Formula B.p. (°C) M.p. (°C) Trivial name 
Pf-methylcyclohexane CF3C6F11 76 -45 PFMC 
Perfluorohexane C6F14 57 -87 FC-72 
Perfluorooctane C8F18 103-105 -25 FC-77 
α,α,α-Trifluorotoluenea) CF3C6H5 100-103 -26 BTF 
(a) Not perfluorinated, miscible with hydrocarbon and aqueous solvents.  
 
The abovementioned and other PFCs are extremely non-polar and are poor 
solvents for any compound except those with low cohesive energies, such as gasses.20 
PFCs dissolve dioxygen and hydrogen up to five times better (v/v) than hydrocarbon 
solvents. In a w/w ratio the solvatation is however similar, due to their large densities 
(e.g. 1.8 g/mL for PFMC).19 Since they are non-toxic and dissolve dioxygen very well, 
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PFC’s have been used as blood substitutes. PFMC (see Table 7-1) dissolves 52.2 mL of 
dioxygen per 100 mL, while blood and water dissolve only 18.4 and 2.9 mL, respectively. 
Furthermore, PFCs are chemically inert, extremely hydrophobic, thermally stable, and 
non-flammable.21 A drawback of PFCs is that their half lives are very long (3160 years for 
FC-72, i.e. perfluorohexane) and that they cause potential problems with respect to ozone 
depletion in the stratosphere.  
 
7.1.3 Fluorocarbon-hydrocarbon biphasic catalysis  
 
The use of dioxygen as an oxidant for oxidative catalysis is increasingly important 
from both an environmental as well as an industrial point of view.22 There is furthermore 
a demand for catalysts that can be efficiently recycled.23 Recycling can be achieved using 
standard heterogenous catalysts. These have however significant disadvantages over 
homogenous catalysts, such as lack of substrate selectivity. Homogenous catalysts can be 
immobilized on inorganic supports or polymers to combine the advantages of both 
homogenous and heterogenous catalysis.24 Additional new concepts for catalysis that have 
been reported in literature comprise the use of neoteric solvents such as ionic 
liquids,25, , ,26 27 28 fluorinated solvents or combinations thereof.29
Biphasic catalysis is already known for many years. An example is the biphasic 
(aqueous/organic) Ruhrchemie/Rhône-Poulenc process of hydroformylation30 in which a 
water soluble Rh-PPh3 catalyst is used in combination with organic substrates. The 
obtained products are removed from the catalyst by separating the two phases. 
Drawbacks of this system are the sensitivity of some catalysts towards water and 
furthermore the slow reaction rates compared to homogenous catalysis. It is therefore a 
challenge to combine the fast reaction rates of one-phase catalysis and the ease of 
separation of two-phase catalysis. 
Horváth and Rábai have published on hydroformylation reactions using biphasic 
catalysis with fluorocarbon and hydrocarbon solvents. The reported concept is similar to 
that of a biphasic system in which aqueous and hydrocarbon solvents are used (see 
above), the difference being that the fluorocarbon phase has replaced the aqueous phase. 
The concept of biphasic fluorous catalysis is illustrated in Figure 7-2. The fluorinated 
catalyst is dissolved in the bottom layer of perfluorinated alkane, while the reactants are 
dissolved in the top layer of a hydrocarbon solvent (left). The two layers become mixed at 
elevated temperatures above the Tc (middle) and after reaction and cooling to below the 
Tc, the two phases are separated (right). The top layer contains the product and is 
removed, while the bottom layer containing the catalyst is recycled.  
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Figure 7-2. Principle of biphasic catalysis using fluorocarbon and hydrocarbon solvents.   
 
Catalytic reactions that have been carried out under biphasic conditions using 
fluorocarbon and hydrocarbon solvents are numerous. Hydroformylation of olefins31 has 
been performed using a rhodium catalyst with fluorous tags attached to the phosphine 
(P[CH2CH2(CF2)5CF3]3). The observed reaction rate was similar to that of the 
non-fluorinated counterpart but a factor ten lower than that of the traditional PPh3-based 
catalyst. The recovery of the catalyst was reasonably good, the leakage of rhodium being 
4.2 % per cycle. Modified Wilkinson’s catalysts have been used in both hydroboration32, 
hydrogenation, and hydrosilylation 33  reactions. Fluorine substituents slow down the 
reaction but rhodium leakage was low and recycling was better when compared to the 
non-fluorinated catalysts. Palladium-based catalysts with perfluorinated phosphanes have 
been prepared and were shown to carry out allylic substitution reactions effectively; hardly 
any leakage of palladium was observed.34 Kharasch addition with a nickel complex has 
been tested with both traditional hydrocarbon and perfluorinated ligands.35 Both ligands 
displayed the same activity in the addition of tetrachloromethane to methyl methacrylate. 
A trialkyl phosphine with three fluorous tags having a melting point of 47 °C has been 
used in a liquid/solid phase separation.36 Alcohol addition to alkynes has been carried out 
in fluorinated solvents or without solvents at elevated temperature. After cooling the solid 
catalyst could be recycled. 
Vincent has reported on the oxidation of cyclohexene in the fluorous phase with a 
manganese complex of a triazacyclononane with perfluorinated tags (L96, Figure 7-3A) 
using TBHP and dioxygen as the oxidant mixture.37 A total yield of 650 % was obtained 
in 3 h, based on added TBHP, with 2-cyclohexene-1-ol and 2-cyclohexene-1-one as the 
products in a ratio of ca. 1 to 2. No comparison was made with a non-fluorous system 
using a non-fluorinated catalyst. Furthermore, Knochel et al. have described the Wacker 
oxidation of 1-decene to 2-decanone with a yield of 82 % using a palladium catalyst (L97, 
Figure7-3B) in a solvent mixture of toluene and C8F17Br.38,39  
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Figure 7-3. Ligands for oxidation reactions in fluorinated solvents; A) tricyclononane type ligand 
with fluorinated tags L96; B) Pd complex with perfluorinated tags L97; C) salen type ligand with 
perfluorinated tags L98; and D) bipyridine with fluorinated tags L99. 
 
In addition, manganese complexes of a salen type ligand (L98, Figure 7-3C) have 
been reported to be active in the epoxidation of alkenes. 40  Also a triphasic system 
(water/hydrocarbon/fluorocarbon) has been described for the epoxidation of stilbene by 
a ruthenium(II) complex of perfluorinated bipyridines (L99, Figure 7-3D). In this case 
three layers are formed.41  
Lipases are frequently employed for synthetic purposes in the kinetic resolution of 
racemic alcohols. These enzymes are used in these reactions because they have a high 
selectivity and are relatively cheap. A major drawback is the difficult separation of the 
products from the enzyme after the reaction is completed. Hungerhoff et al. have reported 
on the esterification of the alcohol 1-phenyl-1-ethanol with a fluorinated acyl-donori in 
acetonitrile. 42 It was found that Cal-B only catalyses the esterification of the R-alcohol 
and that the S-alcohol can be separated from the R-ester by fluorous phase extraction. 
After hydrolysis of the ester an organic layer with the S-alcohol was obtained and a 
fluorous layer with the R-alcohol, both with and ee of >98%. For comparison, the 
resolution of the same alcohol with vinyl acetate yielded R-acetate and S-acetate with ee 
values of > 99 and 93 % respectively, using Pseudomonas sp. lipase in TBME.  
 
 
                                              
i 2,2,2-Trifluoroethyl 4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecanoate 
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7.1.4 Goal of the research  
 
As discussed previously, host-guest chemistry involves the complexation of a 
substrate by a receptor with the help of non-covalent interactions. These interactions can 
vary in different types of solvent. Water, for example, gives rise to substrate complexation 
by means of the hydrophobic effect, exemplified by cyclodextrins, while chlorinated 
organic solvents give rise to e.g. hydrogen-bonding and π-π-interactions, exemplified by 
the molecular baskets described in the early chapters of this thesis. Fluorous solvents are a 
new medium to be explored in supramolecular chemistry. Several self-organised systems 
containing fluorinated molecules have been reported, e.g. fluorinated molecules in the 
formation of monolayers,43,44 vesicles45,46 and liquid-crystals. 47,  48 Kunitake has described 
the formation of bilayer membranes in aqueous solvents by triple-chain fluorocarbon 
amphiphiles, based on tris(hydroxymethyl)-aminomethane.49 Furthermore, Ishikawa et al. 
have reported on the self-assembly of bilayers from double-chain fluorocarbon 
amphiphiles in hydrocarbon solvents.50 In this case L-glutamate was used as the linking 
moiety. Self-assembly to form crystals of calixarenes and tetra-fluorobenzene via π−π 
stacking has been reported by Messina et al.51 However, self-assembly and inclusion 
experiments in fluorinated solvents have not been reported so far.  
The aim of the research described in this chapter is to synthesise molecular baskets 
(Chapter 3) and cyclodextrins (Chapter 6) that are soluble in PFCs and can be used for 
catalysis. The first step towards this goal is the synthesis of receptors containing fluorous 
tags, followed by the study of their substrate binding in PFCs. A final step would be the 
study of oxidation catalysis. For this first step towards this aim, it is required that the 
receptor parts of our catalytic complexes are modified with perfluorinated tags (See 
Figure 7-4). At a later stage the catalytic activity of these compounds in fluorocarbon 
solvents or at the interface between hydrocarbon and fluorocarbon solvents will be 
studied.  
 
 
Figure 7-4. Target molecules for substrate binding in fluorous solvents. 
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7.2 Results and discussion   
 
7.2.1 Synthesis   
 
7.2.1.1 Synthesis of a molecular clip with fluorinated tags 
A molecular clip with two phenol groups on its convex side (L100, Figure 7-5)i,52 
was modified with two fluorinated tags via a coupling reaction with a fluoroalkyl 
chlorosilane (L101, RfCH2CH2Me2Si-Clii) to give 40. Excess of L101 was extracted out by 
FC-72, and subsequent sonicated with hexane, which gives a milky solution of the 
chlorosilane and the solid product 40. The resulting product was passed over a fluorous 
reverse-phase silica column, which has a high affinity for fluorinated tags and can be used 
with either fluorocarbon or hydrocarbon eluents, such as FC-72, ether, acetone or THF.53 
The reverse-phase silica cannot be used, however, in chlorinated organic solvents, such as 
dichloromethane and chloroform because it dissolves in these solvents.  
Molecular clips functionalised on the convex side have been prepared before in 
our group. Reek et al. have reported on pyridinium functionalized clips that forms 2D 
lamellar multilayers.54  Elemans has described on clips modified on the convex side with 
two aliphatic tails, such as a C12- and C18-ester and a C18-amide.55, ,56 57  These compounds 
were shown to self-assemble by forming dimers in which the aliphatic tails are positioned 
outwards. These dimers form lamellar structures and show liquid-crystalline-like 
behaviour partly due to separation of the interdigitated aliphatic tails at higher 
temperature, resulting in increased lamellar spacing between two layers of dimers. The 
ability of the layers to slide over one another seems to contribute most to the malleable 
nature of the materials.  
Since our compound 40 also contained tails, viz. fluorinated instead of aliphatic, 
on the convex side of the clip, liquid-crystalline behaviour can possibly be expected. 
Compound 40 was, therefore, studied using thermal optical polarisation microscopy 
(TOPM), but crystalline rather than liquid-crystalline behaviour was observed 
(Figure 7-5 right). Only one melting point (248 °C) was detected. Small white spots were 
observed in the melt. The NMR spectrum, did not show any sign of the presence of 
impurities.  
 
                                              
i L100: 13b,13c-Di(4-hydroxyphenyl)-1,4,8,11-tetramethoxy-5,7,12,13b,13c,14-hexahydro-5a,6a,12a,13a-
tetraazabenzo[5,6]azuleno[2,1,8-ija]benzo[f]azulene-6,13-dione 
ii L101: Rf = CF3CF2CF2CF2CF2CF2- 
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Figure 7-5. Receptor 40: (left) synthesis; (right) polarization microscopy picture after one heating 
and cooling run. 
Receptor 40 is not soluble in FC-72, and therefore substrate binding studies with 
this receptor in this solvent were not possible. To improve the solubility of a receptor in 
fluorocarbon solvents more fluorinated tags are required to increase the fluorine content 
from the present value of 34 %. It was mentioned above that a content of 62 % is needed 
for a good partition coefficient, but in this case a large content is needed to dissolve 
receptor 40 in the first place. 
 
7.2.1.2 Synthesis of perfluorinated tags. 
 Various synthetic routes are conceivable for the attachment of more than two 
fluorinated tags to L100 and several of these routes were attempted. The first route was 
the preparation of a silyl bromide with three fluorinated tags 42 (Scheme 7-1).58,59 The 
synthesis started with the formation of a Grignard reagent of a partly fluorinated octyl 
iodide (L102).i In this compound two methylene units separate the reactive iodide from 
the fluorocarbon moiety.60 Trichlorosilane was added to this Grignard reagent in order to 
obtain a silane with three fluorinated tags 41 ((RfCH2CH2)3SiHii). Comparison of the 
19F NMR spectrum with data reported in the literature61, ,62 63 revealed that our formed 
product was indeed 41. Compound 41 was brominated with Br2 in FC-72 to give 
compound 42 ((RfCH2CH2)3SiBrii), which was further reacted with L100 to obtain 
compound 43. However, no products were obtained from this reaction. This could be 
due to the reduced reactivity of the bromo silane with three fluorinated tags in 
comparison with the chloro silane with only one fluorinated tag. Another possible 
problem is that the product is not stable due the extra fluorinated tags that are present in 
the silane.    
                                              
i L102:  1,1,1,2,2,3,3,4,4,5,5,6,6-Tridecafluoro-8-iodooctane 
ii Rf = CF3CF2CF2CF2CF2CF2CF2- 
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Scheme 7-1. Attempted synthesis of 43 via 42. 
 
Percec et al. have reported the synthesis of benzoates with fluorinated tags64 and 
their application in self-assembled systems (see Scheme 7-2).47 Four methylene units are 
used as an insulating barrier, which reduces the fluorine content in the compound, 
thereby lowering its solubility in PFCs. Nevertheless, the synthesis of these compounds 
was tried, be it on a smaller scale than reported by Percec (1 mmol instead of 90 mmol) 
because of the high costs of the reagents (Scheme 7-2). The first reaction step, the 
addition of perfluorinated iodooctane L103 to vinyl acetic acid, provided the desired 
compound 43a in a yield of 1.8 g (57 %). The next reaction, viz. the reduction of the acid 
to the alcohol and subsequent sublimation of the resulting product 43b did not provide 
enough material to complete the rest of the reaction steps to give compound 43c.  
 
 
 
Scheme 7-2.  Attempted synthesis of 43c according to Percec.64 
 
Another possible method to obtain a molecular clip with fluorinated tags is the use 
of a tri-substituted benzoic acid as a linker between L100 and the fluorinated tags. 
Methyl 3,4,5-trihydroxybenzoate (i in Scheme 7-3) was reacted with partly fluorinated 
iodooctane (L102) in DMF using K2CO3 as a base. Compound 44 was unfortunately not 
obtained from the reaction mixture. The main peaks at 2.8 and 3.4 ppm in the 1H NMR 
spectrum were attributed to L102. Furthermore several peaks were observed between 5 
and 6 ppm, indicating the formation of an alkene, probably via an E1cb elimination of the 
iodide. In order to test the feasibility of the abovementioned reaction a test reaction was 
carried out with the hydrocarbon iodooctane which indeed gave the desired coupled 
product (not shown). This fact indicates that the presence of fluorine atoms on L102 
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poses a problem in this reaction. Initial tosylation of the fluorinated iodooctane and 
subsequent coupling to the benzoate did not give the desired product either (not shown).  
A second benzoate investigated was 3,4,5-triiodobenzoate 45, which was prepared 
by esterification of 3,4,5-triiodobenzoic acid with methanol (ii in Scheme 7-3). Benzoate 
45 was tested in the copper-assisted Ullman type coupling with partly fluorinated 
iodooctane L102 according to procedure (a) in the experimental section (iiia in 
Scheme 7-3).65 Several unidentified reaction products were obtained among which the 
desired product 46 could not be identified. A diethyl-zinc coupling with a palladium 
catalyst was tried according to procedure (b) in the experimental section (iiib in 
Scheme 7-3), but again no product was obtained. 
A reaction of 45 and a partly fluorinated decene (L104)i, in which two methylene 
units separate the reactive ethylene from the fluorocarbon moiety, by means of a 
Pd-catalyst did not give the tri-substituted product either (iiic in Scheme 7-3; procedure 
(c) in experimental section).66,67 
 
 
Scheme 7-3. Synthesis of substituted benzoic acids 
                                              
i L104: 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-Heptadecafluoro-10-decene 
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   Another possible route involves the reaction of perfluorinated iodooctane (L103) 
with allylic moieties. A triallyl substituted gallate 47 was prepared by the reaction of 
methyl 3,4,5-trihydroxy benzoate with allyl bromide (iv in Scheme 7-3). This reaction 
afforded compound 47, which was then reacted with L103 in a solvent mixture 
of acetonitrile and water, together with NaHCO3 and Na2S2O4 (v in Scheme 7-3). 68 
However, phase separation occurred after the reaction of only one or two tags and this 
prevented the reaction from going to completion to give 48. This reaction is expected to 
go to completion only in the presence of a single allyl group on an aromatic ring of the 
starting material. The final step in the reaction should be the reduction of the iodide with 
t-butyl tin hydride, 69 this was however not carried out. We conclude that tri-substitution 
at the 3, 4 and 5 position is difficult to achieve due to steric hindrance.  
De Wolf et al. 70  have described a method of coupling a silane with three 
fluorinated tails71  to an aromatic moiety (Scheme 7-4A). Using this method tris(aryl-
phosphine)rhodium(I) chloride complexes that are active in the hydrogenation of 
1-alkenes were obtained.71d 
Another method which was tested by us for the coupling three fluorinated tags to 
one aromatic ring is the reaction of 42 with the thiol protected acid p-bromo benzoic 
acid 51. Compound 51 was prepared via the acid chloride 50 using an excess of thiol as 
described by Studer et al. (Scheme 7-4B).72,59 This reaction unfortunately gave less than 
5% yield, the remainder being mono- and dithiolated products. Studer et al. report a yield 
of 45%, and it is not clear what the reason for this discrepancy is. The subsequent 
reaction of 51 with t-BuLi and 42 did not provide the desired product 52, which might be 
due to the lack of stability of 42, as described above.  
 
 
Scheme 7-4.  A) Synthesis according to Wolf et al.;70,71 (B) attempted synthesis of 52 according to 
a procedure by Studer et al.72 
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At this point our efforts to synthesize multiple fluorinated tags for attachment to 
molecular clips were stopped. Other possible routes that could be considered in the 
future include the coupling of three perfluorinated acids to a trihydroxymethyl 
aminomethane.49 The acid is prepared from fluorinated iodooctane via a Grignard 
reaction quenched by CO2 as described by Jouani et al..73  
 
7.2.1.3 Synthesis of cyclodextrin with perfluorinated tags.  
 Cyclodextrins are often used in supramolecular chemistry since they are readily 
available and can bind a variety of organic substrates in aqueous media by means of 
hydrophobic interactions. The use of cyclodextrins as receptors for enzyme mimics in 
aqueous media was described in Chapter 6. Since the binding of guests in cyclodextrin is 
based on hydrophobic interactions, we were interested to see if cyclodextrins are also able 
to bind guest molecules in fluorinated solvent due to fluorophobic interactions. A 
Japanese patent (no. 40241303) describes cyclodextrin molecules with one perfluorinated 
tag, however no studies on the inclusion of guests were provided.74  Granger et al. have 
reported on a cyclodextrin modified with seven relatively small fluorocarbon (SCF3) 
groups, which was prepared in order to induce lipophilicity.75 The resulting molecule was 
amphiphilic as shown by the formation of monolayers at the air-water interface.  
Our aim was to synthesise a fluorinated cyclodextrin which dissolves in fluorinated 
solvents. In previous research (Chapter 6) seven silyl groups were attached to the primary 
side of β-cyclodextrin in order to increase the solubility of the latter compound in 
hydrocarbon solvents and to simplify subsequent synthetic procedures and purification 
steps. The preparation of a β-cyclodextrin with seven fluorinated tags was tried by 
reacting this compound with an excess of L101i in pyridine. After stirring for 16 hours the 
reaction mixture was poured onto ice. Purification of compound 53 (Figure 7-6) was 
attempted by a three phase extraction (aqueous, hydrocarbon, fluorocarbon) and 
subsequent repeated sonication in hexane, by which excess of fluorinated tag can be 
removed from the solid product.  
Figure 7-6. Structure of compound 53. 
                                              
i L101: CF3CF2CF2CF2CF2CF2CF2CH2CH2Me2SiCl 
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Compound 53 gave a milky solution in FC-72 and 1H NMR in this solvent (with 
CDCl3 insert, see experimental section) showed that it was not pure. Three peaks were 
observed for the H1 protons of cyclodextrin, indicating the formation of probably a 
mixture of cyclodextrin derivatives with varying asymmetric substitution patterns, such as 
for example six, seven or eight tags (Chapter 6). Furthermore, the integration of proton 
signals for the RfCH2CH2Me2Si-groups gave too high values, even for an eightfold 
substituted cyclodextrin, indicating that part of the fluorinated starting material was still 
present, probably non-covalently intercalated between the covalently attached tags. We 
were not able to completely purify 53. Column chromatography using fluorous reverse 
phase silica or size exclusion chromatography will probably provide a more effective 
purification in future experiments. 
To get an first indication of the supramolecular binding behaviour of 53 in 
fluorocarbon solvents, a binding experiment was carried out using p-nitrophenol as a 
guest in FC-72 as a solvent and 53 as the receptor (not pure). p-Nitrophenol is not soluble 
in FC-72 and the NMR spectrum of a mixture of this compound and FC-72 only showed 
the solvent signals. p-Nitrophenol was present as a solid in the NMR tube during this 
experiment. Upon addition of fluorinated cyclodextrin 53 the deposit of p-nitrophenol 
was solubilized and two peaks appeared in the NMR spectrum at 7.21 and 8.25 ppm, 
respectively. These peaks are attributed to the complexed p-nitrophenol. Since 
p-nitrophenol is not soluble in this solvent no shifts were observed when 53 was not 
present, thus it is not possible to determine a complexation induced shift value which 
would have provided information about the origin of the solubilization, such as 
supramolecular complexation of the guest inside the cavity. It would therefore be very 
interesting to synthesize a derivative of p-nitrophenol with a fluorinated tag that is soluble 
in FC-72 to study the host-guest binding behaviour in more detail.  
The above results show, to our knowledge for the first time, the possible 
complexation of an organic substrate in a fluorinated derivative of a cyclodextrin in a 
fluorinated solvent. Further investigations in order to improve the synthesis of the 
fluorinated β-cyclodextrins and studies of the host-guest binding properties would be of 
great interest and could lead to a new and promising class of compounds, displaying new 
types of supramolecular interactions.  
 
7.3 Conclusions and Acknowledgements  
 
I would like to thank Drs. J. G. O. Cremers and Prof. dr F. P. J. T. Rutjes for their 
help with the synthesis and characterisation of the perfluorinated tags. Furthermore, 
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I would like to thank Dr. K. Velonia for the cooperation on the topic of enzymatic 
resolution experiments (which were not included in this chapter). 
 
7.4 Experimental  
 
For general materials and methods see Chapter 3. Perfluorinated compounds were obtained from Aldrich 
or ABCR. 
 
NMR experiments  
19F NMR spectra were recorded on a Bruker AMX 300 machine.  Experiments were carried out in CDCl3 
and CFCl3 was used as a standard for calibration of the chemical shift values. 1H NMR spectroscopy was 
carried out in either CDCl3 or FC-72 with CFCl3 as a standard for calibration of the chemical shift values. 
When FC-72 was used a thin internal tube filled with CDCl3 was inserted in a standard NMR-tube 
containing the solution of the compound. The insert was used to provide deuterium atoms for the locking 
process during the experiment.  
The spectral width was initially set to 500 ppm, and a few scans were recorded after which the spectrum 
was calibrated on CFCl3. Subsequently, the spectral width was adjusted to precisely fit the spectrum and 
multiple scans were recorded. As an example, the literature spectrum is provided of an partly fluorinated 
alkyl alcohol, viz. 5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-heptadecafluoro-dodecan-1-ol (43b).64  
19F-NMR (CDCl3, TMS, 188 MHz) (CFH3CFG2CFF3CFE2CFD2CFC2CFB2CFA2(CH2)4OH) would show the 
following peak pattern -81.3 FH, -115.1 FA, -122.5 FB/FC/FD, -123.3 FE, -124.1 FF, -126.7 FG. 19F-NMR 
can be very informative with respect to the attachment of fluorous tags to the compounds, and 
furthermore to observe if more than one fluorine containing compound is present. 
 
Preparation of fluorous reverse phase silica  
Fluorous reverse phase silica was prepared according to a literature procedure.53 Silica (Acros 0.035-0.07, 
pore diameter 6 nm) was dried for 16 hrs at 150 °C in vacuo. An amount of 1.0 g of silica was added to 
3 mL of distilled toluene and 320 mg of imidazole. To this mixture was added 1.7 g of chloro(dimethyl)-
(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)silane (Rf(CH2)2Me2Si-Cl). The mixture was transferred to a 
pressure vessel and kept at 100 °C for 72 hrs without stirring. The silica was then transferred to a column 
containing a glass grid. The solvent was allowed to pass and additional toluene was added to rinse the 
column. Subsequently, the column was rinsed with methanol, methanol/water (1:1 v/v), THF, diethyl 
ether and acetonitrile. After drying 1.95 g of the fluorous reverse phase silica was obtained. It was not 
determined if all the fluorinated tags had been attached covalently to the silica, or if residual tags were 
retained by interdigitation with tails of the covalently bound tags.  
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13b,13c-Di(4-[1,1-dimethyl-1-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)silyl]oxyphenyl)-1,4,8,11-tetramethoxy-
5,7,12,13b,13c,14-hexahydro-5a,6a,12a,13a-tetraazabenzo-[5,6]azuleno[2,1,8-ija]benzo[f]azulene-6,13-dione  (40) 
To a solution of 260 mg (0.40 mmol) of L100 i in 15 mL of dry DMF was added 350 µL 
of Et3N (6.2 equiv.). The solution was cooled in an ice bath and approximate 500 mg 
(1.1 mmol) of chloro(dimethyl)-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)silane was 
added dropwise. The resulting solution was stirred for 1 h after which the solvent was 
evaporated. The residue was redissolved in chloroform and extracted twice with aqeous 
1N HCl and once with water. The solvent was evaporated after drying with Na2SO4 and 
the product was purified via precipitation from FC-72, recrystallization from ethanol and 
sonication with hexane. Further purification was carried out by column chromatography with fluorous 
reverse phase silica (vide supra) with FC-72 and acetone as eluents. The product was obtained as a white 
solid. The yield was not calculated since during the testing of appropriate purification conditions part of 
the product was lost. 
M.p. 248°C; 1H NMR (500 MHz, CDCl3) δ 6.93 (d, 4H; J=8.8 Hz, ArmHOSi); 6.65 (s, 4H, ArH side 
walls); 6.63 (d, 4H, J=8.6, AroHOSi); 5.54 (d, 4H, J=16.6Hz, NCH2Ar out); 3.81 (d, 4H, J=16.6, NCH2Ar 
in); 3.77 (s, 12 H, ArOCH3); 2.16-1.90 (m, RfCH2CH2Si); 0.78-0.71 (m, RfCH2CH2Si); 0.19-0.16 (s, SiCH3); 
13C NMR (CDCl3, 50.1 MHz): δ 157.8 (NC=ON glycoluril), 154.7 (ArCOSi), 150.9 (AriCOCH3), 129.5 
(ArmCOSi), 127.2 (AriCCH2N), 119.9 (ArpCCH2N), 111.6 (AroCOSi), 85.1 (NCPhCPhN), 56.5 (ArOCH3), 
36.6 (ArCH2N), 6.0 (SiCH2CH2Rf), 0.8 (SiCH2CH2Rf), -2.1 (SiCH3). The 13C signals of the carbon atoms in 
the fluorous tags are not visible, because they are broadened by coupling to fluorine atoms.  
 
Tri(1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluorooctyl)silane (41)58  
Magnesium powder (450 mg, 18.5 mmol) was heated under argon. After the mixture was cooled to room 
temperature, 20 mL of dry, freshly distilled diethyl ether was added. A solution of 7.35 g (15.5 mmol) of 
1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-8-iodooctane L102 in 70 mL of dry diethyl ether was prepared. Of 
this solution 2 mL were added to the magnesium suspension, which was then sonicated under argon for 
30 min. and heated until the Grignard reaction started. The rest of the solution of partly fluorinated 
iodooctane L102 was slowly added to keep the reaction mixture at reflux temperature. After complete 
addition of the iodide, the reaction mixture was heated to reflux for an additional 2 hrs.  Subsequently, 
0.4 mL of trichlorosilane (3.9 mmol) in diethyl ether was added, and the mixture was heated to reflux for 
16 hrs. After cooling of the reaction mixture, this was washed with saturated aqueous NH4Cl and 
extracted with FC-72 (5 x 10 mL). GC analysis showed 68 % of the product and 20 % of the starting 
iodooctane. The product was purified by bulb-to-bulb distillation (Kügelrohr) under reduced pressure. 
Three bulbs were used, two of which were heated and one was cooled in ice. At 130°C the iodide was 
found in the cooled bulb and at 150°C the product was found in the second heated bulb. GC analysis was 
carried out on a HP 5890 Series II gas chromatograph with a HP-1 cross-linked methyl silicone gum 
                                              
i 13b,13c-Di(4-hydroxyphenyl)-1,4,8,11-tetramethoxy-5,7,12,13b,13c,14-hexahydro-5a,6a,12a,13a-
tetraazabenzo[5,6]azuleno[2,1,8-ija]benzo[f]azulene-6,13-dione 
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(25 m length, 32 µm ED, df 0.17 µm) and a HP 3396 II integrator. The temperature program used was 
100(0)-15-250(5). The retention times were: 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-heptadecafluoro-8-iodooctane 
(2.1 min), product (6.3 min).  
1H NMR (CDCl3, 200 MHz): δ 4.12 (s, 1H, RfCH2CH2SiH), 2.44-2.18 (m, 6 H, RfCH2CH2SiH). 1.25-1.11 
(m, 6 H, RfCH2CH2SiH). IR (KBr) ν (cm-1) 2138 (Si-H) 1200 + 1240 (C-F and C-H).  
 
Bromo[tri(1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluorooctyl)]silane (42) 58 
To a solution of 83 mg of 41 (0.077 mmol) in 2 mL of FC-72 was added 7 µL of bromine (1.5 equivalents) 
to give an orange solution. After stirring for 16 hrs the reaction mixture appeared colourless and an 
additional 1.5 equiv. of bromine was added. After stirring for another 2 hrs 4 mL of FC-72 was added and 
the reaction mixture was washed with 5 mL of CH2Cl2 to remove excess of bromine. The solution of 
compound 42 in FC-72 was used without purification in the following reaction step.  
1H NMR (CDCl3, 200 MHz) δ 2.41-2.29 (m, 6 H, Rf-CH2CH2-Si), 1.43-1.34 (m, 5.2 H, Rf-CH2CH2-Si, 
should be 6H), 1.13-1.05 (m, 0.7 H, contamination, perhaps due to release of fluorinated tag). 
 
Attempted synthesis of 1,4,8,11-Tetramethoxy-13b,13c-di(4-[1,1,1-tri(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)silyl]-
oxyphenyl)-5,7,12,13b,13c,14-hexahydro-5a,6a,12a,13a-tetraazabenzo[5,6]azuleno[2,1,8-ija]benzo[f]azulene-6,13-dione 
(43) 
A solution of 20 mg of L100 (0.031 mmol) in 3 mL of CH2Cl2 and 3 mL of 
α,α,α-trifluorotoluene were added to the FC-72 solution of 42 (2.5 equiv.), as 
obtained in the previous step. A few drops of triethylamine were added and the 
resulting suspension was heated to reflux for 16 hrs. No product could be 
detected. 
 
 
5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-Heptadecafluoro-3-iodo-dodecanoic acid (43a)  
A solution of 86 mg of acrylic acid (1 mmol) in 3 mL of hexane was cooled to 0 °C 
under an argon atmosphere and 547 mg of perfluorinated iodooctane L103 
(1 equivalent) and 45 mg of tetrakis(triphenylphosphine)palladium were added. The resulting orange 
mixture was allowed to warm up to room temperature and was stirred during a night. An extra 3 mL of 
hexane were added and the resulting mixture was stirred for an additional 4 hrs. The obtained yellow 
suspension was filtrated over a block of Celite and washed thoroughly with diethyl ether. The bright 
yellow solution was evaporated to give an orange product, containing the product 43a and 
triphenylphosphine. The product was dissolved in FC-72 and extracted with chloroform and after 
evaporation a white solid was obtained in a yield of 360 mg (57 %).  
1H NMR (300 MHz, CDCl3)  δ 3.16-2.89 (2H, CF2CH2), 3.16-2.89 (m, 2 H, (CH(I)CH2COOH), 4.57 (m, 
1 H, CHI), 7.30 (b, 1 H, COOH). 19F-NMR (188 MHz, CDCl3) δ -81.3 (m, 3 F, CF3), -113.6 (m, 2 F, 
CF2CH2), -122.0-122.4 (m, 8 F, ((CF2)4CF2CH2), -124.0 (s, 2 F, CF3CF2CF2), -126.6 (s, 2 F, CF3CF2CF2).    
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5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-Heptadecafluoro-dodecan-1-ol  (43b)  
A solution of 500 mg of 43a in 2 ml of THF is added dropwise to a stirring solution 
of 120 mg of LiAlH4 (4 equivalents) in 5 ml of THF and heated to reflux. The 
reaction mixture was stirred for 4 hrs at room temperature after which the mixture was quenched with 
subsequently 250 µL of H2O, 250 µL of 15 % NaOH, and 750 µL of H2O. The reaction mixture was 
filtrated and concentrated and subsequently, a sublimation was carried out at room temperature, which did 
not give any result. Subsequent sublimation at 50 °C provided a few milligram of a waxy yellow solid 
of 43b. The amount of compound was, however, too small to proceed with the last reaction step to 
provide 43c. 
1H NMR (300 MHz, CDCl3) δ 3.68-3.71 (m, 2H, CH2OH) 3.20-3.02 (m, 2H, CF2CH2), 1.82-1.64 (m, 4 H, 
CH2CH2CH2OH). 19F NMR (188 MHz, CDCl3) δ -81.2 (m, 3F, CF3,), -114.9 (m, 2F, CF2CH2), -122.4 (m, 
6F, ((CF2)3CF2CH2), -123.2 (s, 2F, CF2CF2CF2CF2), -124.0 (s, 2F, CF3CF2CF2CF2), -126.6 (s, 2 F, 
CF3CF2CF2 CF2).  
 
Attempted synthesis of methyl 3,4,5-tri[(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)oxy]benzoate (44) 
To a solution of methyl 3,4,5-trihydroxybenzoate (2.6 mmol) in 60 mL of dry 
DMF was added 3.2 g of K2CO3 (10 equiv.) and the suspension was heated to 
65°C. To this suspension was added 4.3 g of 1,1,1,2,2,3,3,4,4,5,5,6,6-
tridecafluoro-8-iodooctane L102 (3.5 equiv.). The reaction mixture was stirred 
at 65°C for 2 hrs after which it was poured onto 200 mL of ice. The aqueous layer was acidified with 
concentrated aqueous HCl to dissolve traces of  DMF and subsequently extracted with diethyl ether 
(4 x 50 mL). No product formation was observed, instead methyl 3,4,5-trihydroxybenzoate was recovered.  
 
Methyl 3,4,5-triiodobenzoate (45) 
To a solution of 250 mg of 3,4,5-triiodobenzoic acid in 10 mL of methanol was added a 
drop of sulphuric acid. The solution was heated to reflux for 16 hrs after which the 
solution was allowed to cool. Solid Na2CO3 was added to remove traces of acid and 
after filtration the solvent was evaporated. IR (KBr) ν (cm-1): 3000 (br, CH), 1270 + 
1630 (C=O); 1H NMR (CDCl3, 300 MHz): δ 8.4 (s, 2H, ArH), 3.90 (s, 3H COOCH3). 
 
Methyl 3,4,5-tri(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)benzoate (46)  
(a) To a solution of 250 mg of 45 (0.49 mmol) in 5 mL of dry DMF was added 
470 mg of copper powder (15 equiv.). The suspension was heated to reflux over 
a period of 30 min. after which a solution of 874 mg (3.8 equiv.) of 
1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-8-iodooctane L102 in 5 mL of DMF was 
added dropwise. The resulting suspension was heated to reflux for 16 hrs after which it was allowed to 
cool. To this suspension were added 4 mL of water and 10 mL of diethyl ether and the resulting 
suspension was stirred for 30 min.. The suspension was filtered over a Büchner funnel and washed with 
diethyl ether (3 x 6 mL). The water layer was extracted with 4 mL of diethyl ether and the combined ether 
layers were dried and evaporated. 1H NMR showed a mixture of products, however, the desired product 
could not be identified. The products could not be separated by column chromatography.  
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1H NMR (CDCl3, 300 MHz): δ 8.5-7.5 (many peaks ArH, due to impurities), 3.8-4.0 (many peaks 
COOCH3 due to impurities). 19F NMR (CDCl3, 282 MHz): δ  -81.2 and -81.4 (m, CF3(CF2)3CF2CF2CH2), 
-111.2, -111.5, and -112.7  (t, CF3(CF2)3CF2CF2CH2, J=13.5 Hz), -121.8, -122.1, -122.7, and -123.3 (m, 
CF3(CF2)3CF2CF2CH2), 126.6 (m, CF3(CF2)3CF2CF2CH2). 
(b) To a solution of 474 mg of L102 (1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-8-iodooctane) (1 mmol) in 5  L 
of THF at -10 °C was added 70 mg of Pd-based Herrmann-Beller catalyst76 and 2 mL of Zn(Et)2 solution 
(3 mM in hexanes, 6 equiv.) were added dropwise. After stirring for 30 min., the solution was allowed to 
warm to room temperature and a solution of 171 mg of methyl 3,4,5-triiodobenzoate (1/3 equiv.) in 1 mL 
of THF was added dropwise, in addition to 30 mg of catalyst. After stirring overnight the solvent was 
evaporated and the residue was obtained using a three-phase extraction with FC-72, CH2Cl2 and aqueous 
1 N HCl, 5 mL each. No product could be identified. 
(c) A mixture of dry DMF and H2O (9:1) is degassed. A solution of  124 mg (0.25 mmol) of 45, 400 mg 
(3.5 equiv.) of 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-heptadecafluoro-10-decene L104, 400 mg (5.5 equiv.) of 
tetrabutyl ammonium chloride, 0.6 mL of triethylamine (17 equiv.) and 73 mg of Pd-based Herrmann-
Beller catalyst76 in 2,5 mL of the DMF/H2O mixture is transferred to a pressure vessel and heated at 
95 °C for 72 hrs. Extraction with FC-72 did not give any products. 
 
3,4,5-Tris-allyloxy-benzoic acid methyl ester (47) 
A suspension of 1.1 g of methyl 3,4,5-trihydroxybenzene (6 mmol), 5 mL of allyl 
bromide (10 equiv.) and 8.3 g of K2CO3 (10 equiv.) in 20 mL of acetone was 
heated to reflux overnight. After cooling the solvent was evaporated and the 
residue was partitioned between water and CH2Cl2. The organic layer was washed 
twice with water and was dried over Na2SO4 and concentrated in vacuo to obtain 
the title product, which was directly used in the following step without further purification. 
 1H -NMR (CDCl3, 300 MHz) δ 7.28 (s, 2H, ArH), 6.13-6.02 (m, 3H, CH2CHCH2OAr), 5.45-5.16 (m, 6H, 
CH2CHCH2OAr), 4.62 (dt, 6H, Jd=5.4 Hz, Jt=1.4 Hz, CH2CHCH2OAr), 3.89 (s, 3H, ArCOOCH3). 
 
Attempted synthesis of 3,4,5-tris-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-2-iodo-decyloxy)-benzoic acid 
methyl ester (48) 
A suspension of 500 mg of perfluorinated iodooctane (1.05 mmol), 106 mg 
of 47 (1/3 equiv.) and 90 mg of NaHCO3 (1 equiv.) in 5 mL of a 3:1 mixture 
(v/v) of CH3CN and H2O was stirred for 10 min. at 10 °C. Over a period of 
1 h 200 mg of Na2S2O4 (1.1 equiv.) was added and the resulting mixture was 
stirred overnight at room temperature. Phase separation was observed and 
the products were extracted with FC-72 (5 x 5 mL) and the combined 
fluorous layers were extracted with water, dried over MgSO4 and 
concentrated in vacuo. The only obtained products were the mono- and di-functionalised compounds. The 
desired product could not be identified. 
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4-Bromobenzoyl chloride (50) 
A mixture of 2.0 g of 4-bromobenzoic acid (9.95 mmol) and 3 mL of thionyl chloride was 
heated to reflux for 1 h after which the excess of thionyl chloride was removed in vacuo. This 
compound was used directly in the next reaction without purification or characterisation. 
 
 
1-Bromo-4-(tris-propylsulfanyl-methyl)-benzene (51)72 
To the reaction product 50 was added 5.3 g of AlCl3 (4 equiv.) and the resulting solid 
mixture was stirred. Then 10 mL of propane thiol (10 equiv.) was added dropwise. The 
mixture was stirred for 48 hrs at 60 °C and a clear solution was obtained. After cooling 
the solution was slowly poured in 75 mL of aqueous 4 N NaOH at 0 °C. The resulting 
bright orange solution was extracted three times with diethyl ether and the diethyl ether 
layers were combined, washed with brine, dried over MgSO4 and concentrated in vacuo to 
yield a red oil with a pungent odour. 1H NMR revealed a majority of the monothiolated product and only 
a small fraction of 51. Another batch of 5 g of AlCl3 and 10 mL of propanethiol was added and the 
reaction was repeated. After purification with column chromatography (silica) with 1% Et3N in hexane as 
the eluent, the product was obtained in a very low yield (< 5%) (cf. 45 % in the literature, see results 
section).  
1H NMR (CDCl3, 200 MHz) δ 7.46 (d, 2H, ArHo , J=8.6 Hz), 7.21 (d, 2H, ArHm , J=8.6 Hz), 2.68  (t, 6H, 
SCH2CH2CH3), 1.50-1.63 (m, 6H, SCH2CH2CH3), 0.83-0.95 (m, 9H, SCH2CH2CH3). 13C NMR (CDCl3, 
50.3 MHz) δ 135.8 (Arp), 131.7-128.1 (Ar), 52.3 (C(SPr)3), 30.9 (SCH2CH2CH3), 22.7 (SCH2CH2CH3), 13.6 
(SCH2CH2CH3). 
 
Attempted synthesis of 4-[Tris-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-octyl)-silanyl]-benzoic acid (52)72  
To a solution of 150 mg of 51 (0.66 mmol) in 4.5 mL of diethyl ether was 
added under argon at -78 °C 0.5 mL of t-BuLi (1.7 M in pentane, 2 equiv.). 
The resulting yellow solution was stirred for 45 min. at -78 °C and via a needle a second solution, 
containing 300 mg of 42 (0.4 equiv..) in 10 mL of α,α,α-trifluorotoluene and 1.5 mL of FC-72 at 25 °C was 
added under argon herein. The resulting solution was stirred for 10 min. at -78 °C and stirred overnight at 
room temperature after which 5 mL of water was added. The products were extracted three times with 
CH2Cl2 and the combined organic layers were dried over MgSO4 and concentrated in vacuo. The residue 
was dissolved in FC-72 and washed with benzene. The benzene layer was washed three times with FC-72 
and the combined fluorous layers were concentrated in vacuo. The residue was dissolved in 4.5 mL of 
α,α,α-trifluorotoluene and subsequent 3 mL of acetone, 0.3 mL of water and 4.5 mL of THF were added 
together with 81 mg of AgNO3 after which the mixture turned black. The resulting mixture was stirred for 
12 hrs, filtrated and concentrated in vacuo. The resulting products were purified by silica column 
chromatography (eluent: diethyl ether/hexane: 1:40 v/v). No product could be obtained. 
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Heptakis-(6-O-dimethyl-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-octyl)-silanyl )−β-CD (53) 
β-Cyclodextrin was dried in a vacuum oven at 80° C for 5 hrs. A suspension of 1.13 g  of 
dried β-cyclodextrin (1 mmol) in 40 mL of dry, freshly distilled pyridine was stirred at 
room temperature overnight to dissolve the compound. To this solution was added 3.9 g 
of Rf(CH2)2Me2SiCl L101(8.8 equiv.) in 20 mL of pyridine over a period of 2 hrs. The 
reaction mixture was kept in the refrigerator overnight after which the reaction mixture 
was poured onto ice. The crude product was collected via filtration. The product was 
dissolved in 40 mL of FC-72 and subsequently washed with aqueous 1 N HCl (2 x 10 mL), saturated 
aqueous NaHCO3 (10 mL), and saturated aqueous NaCl (10 mL). The fluorous layer was dried over 
MgSO4 and concentrated in vacuo. Purification by sonicating with hexane was attempted, but the product 
was not obtained in a pure form (probably a mixture of six-, seven- and eightfold substituted 
β-cyclodextrin). 
1H NMR (FC-72 + CDCl3 insert, 500 MHz): δ  5.15, 5.10, 5.05 (H1-CD); 4.28, 4.11-3.70, 3.63-3.61 (H2-
H6-CD), 2.4 (RfCH2CH2-(Me)2SiO), 1.26-1.03 (RfCH2CH2-(Me)2SiO); 0.48, 0.38 (RfCH2CH2-(Me)2SiO) 
(all peaks were quite broad, and the coupling patterns could not be determined). The 19F NMR spectrum 
was not recorded because the product was only soluble in FC-72. 
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Summary 
 Supramolecular chemistry is a subfield of chemistry dealing with the construction of 
molecular and macromolecular systems using non-covalent interactions. Host-guest 
chemistry is a specific area within supramolecular chemistry and involves the binding of a  
specific substrate (guest) in a receptor (host) via molecular recognition, which is based on 
supramolecular interactions. Our group has designed selective receptors, called 
“molecular clips” and “molecular baskets”, for the selective binding of dihydroxybenzene 
substrates by means of π−π interactions and hydrogen bonding. Metal-containing 
derivatives of these receptors are the subject of this thesis. 
 Dioxygen is essential in life and proteins are used to transport dioxygen through 
human and animal bodies. Hemocyanin is the dioxygen transporting protein of molluscs 
and arthropods and contains two copper ions in its binding site.  
 Enzymes catalyse a variety of processes in a very efficient and clean way. They 
operate under moderate reaction conditions, in contrast to catalyst in many industrial 
processes, which produce large amounts of waste and require stringent reaction 
conditions. Dioxygen activating enzymes oxidize substrates, after activation of dioxygen 
by one or more metal ions, and many of these enzymes incorporate one or two oxygen 
atoms into the substrate.  
 In this thesis we describe the design and synthesis of various synthetic receptors that 
model oxygen binding enzymes both in structure and in function with the ultimate goal to 
realize biomimetic catalysis. A bis(2-ethylpyridine)amine (or PY2)-appended receptor 1 
and a tris(2-methylpyridine)amine (or TPA)-appended receptor 2 have been synthesised 
and characterized (Figure 1 left, 1 and 2). The bis-copper(I) complexes of these receptors 
have also been prepared and studied by NMR, UV-Vis and XAS spectroscopy. These 
studies indicate that two Cu(I) ions are bound by 1 and 2; they are coordinated inter alia by 
the pyridyl groups of the PY2 and TPA units. 
Figure 1. (Left) structure of receptors 1 and 2; (right) structure of the µ-η2:η2 copper dioxygen complex; N is the ligand donor 
atom of a pyridine, imidazole, or amine ligand.  
 
 Furthermore, the ability of the Cu(I) complexes to bind and activate dioxygen has 
been studied. It was shown that the copper(I) complex of 1 is able to bind dioxygen in 
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acetone at -80°C, at which temperature a stable µ-η2:η2 Cu2O2 complex is formed 
(Figure 1 right), as established by UV-Vis and XAS experiments; such a complex is also 
known to exist at room temperature in hemocyanin. The presence of acetonitrile (30 %) 
in THF effectively inhibits the coordination of dioxygen to the copper(I) complex of 1, 
probably due to coordination of a molecule of acetonitrile to copper(I). Upon addition of 
oxygen to the copper(I) complex of 2 a change in valence from Cu(I) to Cu(II) was 
observed, however, no well defined copper dioxygen complexes could be detected.  
 A new dual setup for measuring UV-Vis and XAS on the same sample at low 
temperature under exclusion of air was designed and tested. It proved to be very 
successful in allowing one to correlate the data obtained from the above two 
spectroscopic techniques.  
  Catalytic studies with the copper(I), copper dioxygen, iron(II) and manganese(III) 
complexes of receptors 1 and 2 showed that the copper(I) complex of 2 is active in the 
oxidation of 2,4-di-tert-butylcatechol to 2,4-di-tert-butylquinone and that the Cu(I)2O2 
complex of receptor 1 is active in the radical C-C coupling of 2,4-di-tert-butylphenol to 
give the dimeric product (TON=10). No reactivity was observed in the case of the 
Mn(III) complex, because the spacer lengths between the pyridines in the PY2 and TPA 
ligands are not optimal for catalytic activity of Mn(III). No reactivity was observed with 
the Fe(II) complex either, possibly due to solubility problems. 
 Cyclodextrins are another class of molecular receptors. They bind a wide range of 
substrates in water as a solvent. The synthesis and characterization of cyclodextrin-based 
receptors for iron and copper was carried out and a new TPA-appended cyclodextrin was 
obtained. The purification of the final product, however, proved to be very difficult. 
Preliminary catalytic studies using a iron(II) complex of a protected TPA-appended 
cyclodextrin derivative showed an enhancement of the rate of epoxidation of norbornene.
 Fluorous phase chemistry involves the use of (per)fluorinated compounds as 
solvents, which form a third liquid phase, in addition to the aqueous and hydrocarbon 
phases. Fluorinated solvents in combination with the aforementioned receptors are of 
great interest for catalysis because of the following characteristics: (i) they may involve 
new types of supramolecular interactions; (ii) they display excellent dioxygen solubility; 
and (iii) they allow easy recovery of the catalyst by phase separation. A novel cyclodextrin 
derivative with seven fluorinated tails was synthesised. This compound was shown to 
solubilize an aromatic guest in a fluorinated solvent. Furthermore, a molecular clip, 
appended with two fluorinated tails was prepared; this compound did not contain, 
however, sufficient fluorine atoms to make it soluble in a fluorinated solvent. A number 
of other synthetic routes towards receptors with more fluorinated tails have been 
attempted, however, without success. 
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Samenvatting  
 Supramoleculaire chemie is een apart gebied van de chemie, dat zich bezig houdt 
met de constructie van moleculaire en macromoleculaire systemen door middel van niet-
covalente interacties. Gastheer-gast chemie is weer een specifiek onderdeel van deze 
supramoleculaire chemie en betreft de binding van een specifiek substraat (gast) in een 
receptor (gastheer) door middel van moleculaire herkenning. Dit laatste proces is 
gebaseerd op supramoleculaire interacties tussen beide componenten. Onze groep heeft 
in het verleden selectieve receptoren ontworpen, zogenaamde “moleculaire clips” en 
“moleculaire manden”, voor de selectieve binding van dihydroxybenzenen (substraten) 
door middel van π−π interacties en waterstofbruggen. Metaalhoudende derivaten van 
deze verbindingen worden in dit proefschrift bestudeerd.   
 Zuurstof is essentieel voor het leven en het zijn eiwitten die door de natuur worden 
toegepast om zuurstof te vervoeren in het menselijk en dierlijk lichaam. Hemocyanine is 
het zuurstoftransporteiwit van weekdieren en geleedpotigen; het bevat twee koperionen 
als bindingsplaatsen voor de zuurstof.  
 Enzymen katalyseren een grote verscheidenheid aan processen op een snelle en 
schone manier. Ze werken onder milde omstandigheden, in tegenstelling tot katalysatoren 
in veel industriële processen, die meestal grote hoeveelheden afval produceren en strikte 
reactieomstandigheden vereisen. Zuurstofactiverende enzymen voeren oxidatiereacties 
uit, na activering van zuurstof door een of meer metaalionen, en veel van deze enzymen 
kunnen de zuurstofatomen in een substraat incorporeren. 
 
Figuur 1. (Links) Structuur van receptoren 1 en 2; (rechts) structuur van het  µ-η2:η2 koperzuurstofcomplex; N is het 
liganddonoratoom van een pyridine, imidazool of amine ligand.  
 
 In dit proefschrift worden meerdere synthetische receptoren beschreven met als 
doel het modelleren van zuurstof-bindende enzymen voor wat betreft hun structuur en 
functie ten einde biomimetische oxidatiekatalysatoren te verkrijgen. Receptoren 1 en 2, 
respectievelijk voorzien van bis(2-ethylpyridine)amine (PY2) en tris(2-methyl-
pyridine)amine (TPA) liganden zijn gesynthetiseerd (Figuur 1 links) en gekarakteriseerd.
 De koper(I)-complexen van deze receptoren zijn uitvoerig bestudeerd met behulp 
van NMR, UV-Vis en XAS spectroscopie. Uit deze experimenten bleek dat twee Cu(I) 
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ionen worden gebonden door 1 en 2,  onder meer via de pyridine-groepen van de PY2- en 
TPA-eenheden. Daarnaast is het vermogen van de Cu(I) complexen om zuurstof te 
binden en te activeren onderzocht. Er werd gevonden dat het koper(I)-complex van 1 in 
staat is om zuurstof te binden in aceton bij -80 °C, waarbij een stabiel µ-η2:η2 Cu2O2 
complex wordt gevormd (Figuur 1 rechts). Dit werd vastgesteld met behulp van UV-Vis 
en XAS experimenten. Een dergelijk complex is eerder waargenomen voor hemocyanine 
maar dan bij kamertemperatuur. De aanwezigheid van acetonitril (30 %) in THF als 
oplosmiddel blijkt op efficiënte wijze de coördinatie van zuurstof aan het koper(I)-
complex van 1 te remmen, waarschijnlijk vanwege de coördinatie van een 
acetonitrilmolecuul aan koper(I). Na toevoeging van zuurstof aan het koper(I) complex 
van 2 werd een verandering in de valentie van het metaal waargenomen, namelijk van 
Cu(I) naar Cu(II). Er kon echter geen goed gedefinieerd koperzuurstof-complex worden 
gedetecteerd.   
 Een nieuwe cel voor het meten van UV-Vis- en XAS-spectra aan een en hetzelfde 
monster bij lage temperatuur onder uitsluiting van lucht werd ontworpen en getest. Deze 
cel bleek zeer succesvol te werken en maakt het mogelijk om meetgegevens, verkregen 
door middel van de bovengenoemde twee spectroscopische technieken, met elkaar te 
correleren.   
  Katalytische studies aan de koper(I)-, koperzuurstof-, ijzer(II)- en mangaan(III)-
complexen van receptoren 1 and 2 zijn uitgevoerd. Deze experimenten hebben 
aangetoond dat het koper(I)-complex van 2 actief is in de oxidatie van 2,4-di-tert-
butylcatechol tot 2,4-di-tert-butylchinon en dat het Cu(I)2O2-complex van receptor 1 de 
koppeling van  2,4-di-tert-butylfenol tot het dimeer via koolstofradicalen kan katalyseren 
met een turnover frequentie van 10. Er werd geen reactiviteit waargenomen voor het 
Mn(III)-complex van 1, omdat de lengtes van de spacer tussen de pyridines in the PY2- 
en TPA-liganden niet optimaal zijn voor de katalytische werking van Mn(III). Er werd 
eveneens geen reactiviteit waargenomen voor het Fe(II)-complex, waarschijnlijk vanwege 
problemen met de oplosbaarheid.  
 Cyclodextrines vormen een andere klasse van moleculaire receptoren. Deze 
moleculen binden een verscheidenheid aan substraten in water als oplosmiddel. De 
synthese en karakterisatie van op cyclodextrine gebaseerde receptoren, die ijzer- en 
koperionen kunnen binden, werd uitgevoerd en een nieuw van TPA voorziene 
cyclodextrine kon worden verkregen. De zuivering van het uiteindelijke product bleek erg 
moeilijk te zijn. Voorlopige katalytische studies, waarbij een beschermd derivaat van het 
cyclodextrine werd gebruikt, hebben aangetoond dat het Fe(II)-complex van het TPA-
cyclodextrine-derivaat katalytisch actief is in de epoxidatie van norborneen.    
 Fluor-fase-chemie omvat de toepassing van ge(per)fluoreerde verbindingen, die een 
derde fase vormen, naast de waterige en koolwaterstoffasen, als oplosmiddel in de 
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chemie. Gefluoreerde oplosmiddelen in combinatie met de hierboven beschreven 
receptoren zijn erg interessant voor de katalyse en wel vanwege de volgende kenmerken: 
1) ze kunnen leiden tot nieuwe supramoleculaire interacties; 2) ze vertonen een 
uitstekende zuurstofoplosbaarheid; 3) ze maken een eenvoudige terugwinning van de 
katalysator door middel van fasescheiding mogelijk. Een nieuw cyclodextrine-derivaat met 
zeven fluorstaarten werd bereid. In een gefluoreerd oplosmiddel loste deze verbinding 
gemakkelijk een aromatische gast op. Verder werd een moleculaire clip voorzien van twee 
gefluoreerde staarten, maar deze clip bevatte niet voldoende fluoratomen om oplosbaar te 
zijn in het gefluoreerde oplosmiddel. Een aantal andere synthetische routes werd nog 
geprobeerd om receptoren met meer fluorstaarten te verkrijgen, echter zonder resultaat. 
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En dan als laatste…  
 
 Eindelijk is het dan zover, na vier jaren in het Nolte-lab en een jaar  in de avonduren 
achter mijn computer, is dit proefschrift af. Naast bloed, zweet en tranen van mij heeft 
ook de hulp van veel anderen bijgedragen aan dit proefschrift. 
 Allereerst gaat mijn dank uiteraard uit naar Prof. Dr. Roeland Nolte. Beste Roeland, 
ik heb altijd met veel plezier gewerkt op jouw lab. Fijn dat je me het vertrouwen hebt 
gegeven om zelfstandig in alle vrijheid aan mijn promotieonderzoek te werken.  
 Veel dank ben ik verschuldigd aan mijn dagelijkse begeleider, Dr. Martin Feiters. 
Martin, ik ben erg blij dat ik de afgelopen jaren met jouw heb mogen samenwerken aan 
‘onze’ koperzuurstof-complexen. Jouw enthousiasme en uitgebreide vakkennis hebben 
mij steeds gestimuleerd en zonder jouw onvermoeibare hulp bij het nakijken was dit 
boekje nooit tot stand gekomen. Natuurlijk denk ik ook met plezier terug naar onze 
uitstapjes naar Hamburg met bijgehorende nachtdiensten met veel chocolade en 
gesprekken over muziek, kunst, geschiedenis en nog veel meer.  
 Daarnaast wil ik Onno van der Boomen bedanken voor de prettige samenwerking 
tijdens zijn HLO-stage. Onno, je hebt een groot deel van het onderzoek in hoofdstuk 6 
voor je rekening genomen. Je plezier in de organische synthese heeft erg aanstekelijk 
gewerkt. Daarnaast zijn er natuurlijk ook minder plezierige momenten geweest, zoals 
jouw trip naar Hamburg, waar je iedereen behoordlijk hebt laten schrikken met je 
plotselinge ziekenhuisopname. Veel succes bij je verdere studie en mogelijk een promotie. 
Daarnaast wil ik ook Johan Visser bedanken, die als student een tijdje clip- en mandjes-
syntheses heeft uitgevoerd. Eveneens wil ik Sander Graswinckel bedanken voor zijn 
scriptie over koperzuurstof-activering.  
 Zeer belangrijk, soms vermoeiend maar vooral erg gezellig waren mijn 
Nolte-labgenoten. Ik denk niet dat ik ooit nog een groep mensen bij elkaar zal aantreffen 
die naast en tijdens het werk zoveel grappen (vaak flauwe), practical jokes (hygroscoop), 
foute muziek (Berry van de Bebber), foute-film-avonden (The Evil Dead trilogie), vette-
hap-borrels (als ik eraan terug denk word ik weer misselijk), voetbalmiddagen (met veel 
blauwe plekken), BBQ-s en andere ongein wist te organiseren. Ik heb me al die jaren geen 
moment verveeld, mede door jullie aanwezigheid. Het leek regelmatig alsof ik was beland 
in een van de B-films, die we zoveel hebben gezien.  
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